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The  effort  represented  by  this  report  was  a result  of  the  need  to  bring  a de- 
scription of  the  state-of-the-art  of  methods  of  calculating  atmospheric  transmit- 
tance and  radiance  up-to-date.  The  report  is  broadly  divided  into  the  categories 
of  scattering  ar.d  absorption,  with  the  greater  stress  laid  on  absorption. > The 
essential  material  is  presented  in  Sections  3,  6,  7,  and  8,  in  which  specific  methods 
arc  described.  Section  3 Is  devoted  to  scattering  calculation  techniques,  while 
Sections  6,  7,  and  8 cover  methods  of  calculating  transmittance.  The  (Continued) 
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20.  Continued 

first  of  those  Is  the  so-called  line-by-llne  direct  Integration  method,  which  requires 
a detailed  compilation  of  the  characteristics  of  individual  molecular  lines.  Some 
familiar  numerical  integration  techniques  are  used  to  effect  quadrature  in  the  most 
convenient  and  economical  way. 

The  second  of  the  absorption  methods  of  calculation  presented  is  the  band- 
model  technique.  In  this  method,  the  lino  spectrum  is  approximated  by  some  mathe- 
matically manipulatable  distribution  function  with  undetermined  band -model  param- 
eters. By  comparison  of  calculated  results  .vith  laboratory  experimental  data  the 
parameters  arc  defined,  and  the  band -model  is  used  for  calculating  transmittance 
under  any  required  met" logical  conditions. 

The  third  general  ret  of  techniques  in  given  the  heading  "Multi -Parameter 
Analytical  Procedures."  These  techniques  are  derived  from  the  band-model  concept 
incorporating  a larger  number  of  parameters,  with  presumably  greater  accuracy  in 
the  resultant  calculations;. 

The  rest  of  the  report  is  either  tutorial  or  supportive,  presenting  details  of  In- 
formation which  is  required  as  input  to  the  calculation  procedures.  The  major  Input 
Is  the  meteorology  required  to  describe  absorber  concentrations,  pressures,  tem- 
peratures, and  other  necessary  physical  entities. 

An  assessment  is  m3de  of  the  various  techniques  of  calculation  in  terms  of  ac- 
curacy, computer  time  needed  to  perform  calculations,  adaptability  to  specific  prob- 
lems, and  practicality. 
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PREFACE 

The  1RIA  (Infrared  Information  and  Angsts)  Center  is  a Department  of  Defense 
information  and  analysis  center  operated  by  the  Environmental  Research  Institute  of 
Michigan  (ERTM)  under  contract  to  the  Office  of  Naval  Research.  Its  mission  is  to 
collect,  analyze,  and  disseminate  to  authorized  recipients  information  concerning  in- 
frared and  electro  -optical  research  and  development.  To  this  end,  the  IRIA  Center 
publishes  and  distributes  IRIA  Annotated  Bibliographies,  the  Infrared  Newsletter, 
IRIA  Data  Compilations,  the  Proceedings  of  the  Infrared  Information  Symposia 
(Proc  IRIS),  the  proceedings  and/or  minutes  of  the  meetings  of  the  six  Specialty 
Groups  of  IRIS,  IRIA  State -of -the -Art  Reports,  and  proceedings  of  the  DoD  Confer- 
ences on  Laser  Technology.  The  center  serves  as  a national  reference  library  in 
military  infrared  technology,  offering  assistance  and  advice  to  visitors  having  the 
appropriate  clearances  and  need-to-l:now.  Special  bibliographies  and  searches  are 
prepared  for  IRIA -IRIS  members  upon  request. 

All  IRIA -IRIS  publications  through  1 February  1971  arc  available  from  the  De- 
fense Documentation  Center  (DDC).  Since  that  date,  such  publications  are  available 
only  from  the  IRIA  Center  on  a service  charge  basis.  Membership  in  IRIA -IRIS  is 
available  by  annual  subscription,  and  includes  receipt  of  documents  as  they  are 
published. 

Inquiries  concerning  the  annual  subscription  plan  should  be  directed  to: 

IRIA  Center 

Environmental  Research  Institute  of  Michigan 

P.  O.  Box  618 

Ann  Arbor,  Michigan  48107 

Telephone  (313  ) 483-0  500  Ext.  281 

Department  of  Defense  Agencies  desiring  to  join  IRIA -IRIS  should  write: 

Office  of  Naval  Research 

Boston  Branch  Office 

495  Rummer  St. 

Bo3ton,  MA  02210 

Attn:  Mr.  T.  B.  Dowd 
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FOREWORD 

Approximately  eight  years  ago  the  Environmental  Research  Institute  of 
Michigan’s  (ERIM)  Infrared  Information  anti  Analysis  (IRIA)  Center  supported,  under 
contract  to  the  Navy,  an  effort  to  produce  a State -of -the -Art  Report  covering  methods 
of  calculating  atmospheric  transmittance  using  band -models.  In  the  Intervening 
years  many  Investigators  have  been  busy  either  *.n  Improving  band-model  methods  or 
producing  other  techniques  for  calculating  atmospheric  transmittance.  It  was  con- 
sidered appropriate,  therefore,  to  investigate  the  present  state-of-the-art  and  publish 
a report  describing  it. 

The  result  of  this  Investigation  is  the  subject  matter  contained  In  this  volume. 
This  effort  was  also  supported  through  IRIA  by  the  U.  S.  Navy  under  ONR  Contracts 
N00014-73-A -0321-0002  and  N000I4 -74 -C-0285.  Technical  monitor  for  the  project 
was  Dr.  William  J.  Condell,  Director  of  the  Physics  Program,  Office  of  Naval 
Research. 

This  report  goes  beyond  simply  demonstrating  methods  for  calculating  transmit- 
tance. Since  the  major  work  described  in  many  of  the  efforts  cited  in  the  report  has 
been  directed  toward  determining  the  transfer  of  radiation  in  the  atmosphere,  It  was 
recognized  that  the  state-of-the-art  encompasses  the  whole  concept  of  radiative 
transfer.  No  one  has  yet  solved  the  total  problem  of  radiative  transfer,  nor  do  we 
propose  to  try  to  show  how  it  Is  done  here.  We  have  been  satisfied  to  separate  the 
problem  into  two  major  categories,  that  of  scattering,  a. id  that  of  absorption;  and 
present  an  overview  of  how  people  are  currently  trying  to  achieve  results  Incorporat- 
ing the  most  accurate  (or  most  convenient)  approximations  In  the  simplest  or  least 
costly  ways  possible. 

This  report  differs,  then,  from  the  previous  one  in  two  important  ways.  It  covers 
the  entire  problem  of  radiative  transfer  rather  than  Just  transmittance,  and  It  covers 
techniques  which  go  beyond  mere  calculation  with  more-or-less  simple  band  models. 

The  cut-off  period  for  the  material  contained  In  this  report  Is  approximately 
mld-1974. 

Because  of  the  assistance  they  rendered  In  the  compilation  of  this  report,  we 
would  like  to  acknowledge  the  efforts  of  Mrs.  Grace  Teng  for  attending  to  many  of 
the  details  of  computation  and  assembly,  and  Mrs.  Rose  Coleman  for  typing  the 
rough  manuscript.  We  very  much  appreciate  the  fact  that  the  manuscript  was 
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critically  reviewed  by  Dr.  George  Zissls,  Director  of  IRiA,  and  by  otr.er  recufeT.i:cd 
experts  in  the  field  of  radiative  transfer  outside  of  our  laboratory.  For  theli  part 
in  reviewing  the  manuscript,  we  wish  to  thank  Dr.  S.  Roland  Drayson  of  the  Univer- 
sity of  Michigan's  Department  of  Atmospheric  and  Oceanic  Science;  Di.  Aharon 
Goldman  of  the  University  of  Denver's  Department  of  Physics  and  Astronomy;  and 
Dr.  Benjamin  M.  Herman  of  the  University  of  Arizona's  Institute  of  Atmospheric 
Physics.  The  responsibility  for  any  discrepancies  that  have  eluded  their  scrutiny  is 
naturally  assumed  by  the  authors. 
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ATMOSPHERIC  TRANSMITTANCE  AND  RADIANCE: 

METHODS  OF  CALCULATIONS 

1 

INTRODUCTION  - DESIGN  AND  USE  OF  THE  REPORT 

1.1  PURPOSE  AND  SCOPE 

This  report  has  three  major  objectives:  (1)  to  bring  current  awareness  of  the  various  tech- 
niques for  calculating  atmospheric  transmittance  and  atmospheric  radiance  up  to  date;  (2)  to 
assist  the  designer  of  military  systems  in  studies  of  systems  effectiveness;  and  (3)  by  as- 
sembling a variety  of  calculation  techniques  and  auxiliary  information,  to  make  a report  gen- 
erally useful  in  the  comparison  and  assessment  of  such  methods  by  anyone  seeking  atmospheric 
transmittance  and  radiance  calculations. 

It  was  not  intended  that  the  user  be  able  to  make  calculations  directly  from  the  material 
in  the  report.  Although  to  do  so  would  be  very  useful,  a far  greater,  and  obviously  infeasible, 
effort  would  have  been  required  than  was  expended  in  the  construction  of  this  report.  Most 
of  the  methods  covered  require  the  use  of  complicated  programs,  some  of  which  are  not 
universally  available,  and  would,  in  addition,  probably  not  be  too  useful  without  consultation 
or  extensive  documentation  from  the  originator.  On  the  other  hand,  we  would  hope  that  it 
is  possible,  on  the  basis  of  the  material  presented  here,  for  the  user  to  choose  the  technique 
best  suited  to  his  needs  and  resources,  and  make  whatever  arrangements  are  needed  to  per- 
form a successful  calculation.  We  do  not  presume,  furthermore,  to  present  complete  information 
covering  the  complex  field  of  radiative  transfer.  This  would  certainly  take  the  report  beyond 
its  scope,  which  is  to  review  the  state-of-the-art  of  methods  of  calculating  atmospheric  trans- 
mittance and  radiance. 

1.2  OVERMEW  OF  REPORT 

Early  in  1967,  IR1A  published  its  first  state-of-the-art  report  covering  atmospheric 
phenomena  [ 1] . Since  then  the  activity  in  this  fielc  has  been  considerable;  sufficiently  so 
that  the  early  report  no  longer  describes  the  state-of-the-art.  It  lo  considered  timely, 
therefore,  to  update  the  old  report  which  has  served  a very  useful  purpose  over  this  span  of 
eight  years,  Because  of  the  scope  of  activity  in  this  field,  this  requires,  however,  more  than 
Just  a substitution  of  new  data  for  old.  For  example,  whereas  the  old  report  concentrated 
exclusively  on  the  calculation  of  molecular  absorption  through  the  use  of  band  models,  we 
now  also  consider  the  radiative  properties  of  the  atmosphere.  These  are  important  to  the 

| 

1.  D.  Anding,  Band  Model  Methods  for  Computing  Atmosptreric  Slant-Path  Molecular  Ab- 
sorption, Rspt.  No.  7142-21-T,  Willow  Run  Laboratories  of  the  Institute  of  Science  and 
Technology,  University  at  Michigan,  Ann  Arbor,  1967. 
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field  experimenter  in  the  discrimination  between  signals  from  discrete  radiators  and  the 
atmospheric  background,  and  to  the  meteorologist  in  studies  of  radiative  transfer.  This 
report  also  includes  the  effect  of  particles  in  the  atmosphere,  both  in  their  effect  on  simple 
extinction  of  radiation  and  In  multiple  scattering. 

To  distinguish  further  between  this  and  the  original  report,  the  total  dependence  on  band 
models  for  atmospheric  absorption  has  been  rendered  needless  because  the  old  arguments 
for  avoiding  molecular  line-by-line  calculations  now  have  less  validity.  One  reason  is  that 
high-speed  calculations  can  be  done  more  cheaply  than  before  since  they  can  be  performed 
more  efficiently  with  modern  hardware  and  software.  Many  investigators  have  developed 
elaborate  programs  for  making  such  calculations.  Another  reason  is  that  more  and  better 
data  are  available  on  line  parameters,  and  more  confidence,  therefore,  can  be  placed  in 
their  use.  By  no  means,  however,  have  band  models  been  discarded,  and  they  remain  the 
best  methods  by  which  calculations  can  be  made  where  cost  and  time  are  inportant  and  some 
accuracy  can  be  compromised. 

Persons  with  experience  in  the  field  of  atmospheric  phenomena  will  notice  that  we  have 
virtually  avoided  the  huge  mass  of  European  and  other  foreign  literature  in  assembling  this 
report.  Unfortunately  this  represents  a significant  void,  especially  from  the  standpoint  of 
the  Russian  and  Japanese  work  In  this  area.  Limitations  on  time  and  resources,  however, 
prevented  broadening  the  scope  of  the  effort  to  Include  these  valuable  additions.  The  reader 
is  referred  to  the  various  International  conferences,  such  as  the  one  recently  held  at  the 
University  or  California  [ 2] . 

Because  of  the  traditional  approaches  to  the  study  of  these  atmospheric  radiation  mech- 
anisms, they  have  come  to  be  more-or-less  associated  with  different  spectral  regions; 
absorption  is  generally  assigned  to  the  infrared,  and  scattering  to  the  visible,  with  some 
degree  of  overlap  in  the  near- Infrared  region.  This  disassociation  is  retained  in  the  report, 
and  is  manifest  essentially  in  the  separation  of  the  report  into  two  parts,  one  devoted  to 
molecular  absorption,  ihe  other  to  multiple  scattering.  However,  those  models  which  treat 
single  scattering  as  Just  another  extinction  mechanism  to  supplement  molecular  absorption, 
retain  their  integrity. 

This  report  follows  the  pattern  of  the  previous  state-of-the-art  report.  Each  model  Is 
presented  in  as  much  detail  as  is  needed  to  describe  it  amply  without  overburdening  the 
report.  It  is  impossible,  in  attempting  to  cover  a field  that  is  moving  so  rapidly  and  that  cuts 

{.  J.  G.  Kuriyan  (ei\).  The  UCLA  International  Conference  on  Radiation  and  Remote  Prob- 
ing of  the  Atmosphere,  UCLA,  Los  Angeles,  August  1873. 
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across  so  many  disciplines,  not  to  have  omitted,  in  some  cases,  important  Information*. 
Rectifications  for  such  omissions  can  be  made  in  future  up-dating  of  ihe  state- of-knowledge. 

1.3  SECTION-BY-SECTION  REVIEWS 

1.3.1  SECTION  2.  RADIATIVE  TRANSFER  THEORY 

This  section  is  devoted  to  a treatment  of  the  general  equation  of  radiative  transfer.  The 
emphasis  in  describing  the  set-up  of  the  equation  is  toward  scattering,  because  the  greatest 
complexity  in  the  solution  of  the  equation  is  in  its  scattering  phase.  Indeed,  the  foremost 
facet  in  the  solution  of  the  radiative  transfer  equation  is  its  geometrical  complexity,  which 
tests  the  ingenuity  of  the  investigator  in  attempting  to  derive  cost-saving  methods  of  com- 
putation which  retain  an  acceptable  degree  of  accuracy. 

The  tutorial  approach  to  Section  2 was  intended  to  help  the  uninitiated  user  to  become 
sufficiently  based  in  understanding  of  the  essential  theory  and  nomenclature  to  help  him 
understand  more  thoroughly  the  relatively  complex  ideas  to  be  presented  in  later  sections. 

1.3.2  SECTION  3.  METHODS  OF  CALCULATING  RADIATIVE 
TRANSFER  FOR  SCATTERING 

Certainly  many  man-hours  of  effort  have  been  spent  in  recent  years  on  the  development 
of  various  computational  methods  for  the  solution  of  radiative-transfer  problems.  In  spite 
of  all  this  work,  however,  there  remain  many  "unsolved"  problem”.  They  are  unsolved  in 
the  sense  that:  (1)  an  exact  mathematical  solution  may  not  exist;  (2)  the  computation  time  is 
so  long  that  a reasonably  accurate  solution  is  not  feasible;  or  (3)  the  mathematical  formula- 
tion of  the  problem  has  not  been  sufficiently  developed.  Our  interest  here  Is  not  so  much 
in  the  specification  and  analysis  of  theoretical  models  of  radiative  transfer  per  se,  but 
rather  in  the  description  of  reasonable  computation  methods  which  can  be  used  in  the  develop- 
ment of  or  use  of  a comprehensive  atmospheric  radiative-transfer  model. 

*To  get  some  idea  of  the  scope  of  this  subject  one  need  only  refer  to  the  bibliography  of 
Howard  and  Garlng  [ 3] , with  approximately  750  entries  covering  only  about  three  years  work, 
and  that  of  Laulainen  [ 4]  with  over  1200  entries  covering  a 30-year  period  [ 5] . 

S.  J.  N.  Howard  and  J.  Caring,  "Atmospheric  Optica  and  Radiative  Transfer,"  EI6,  Vol. 

82,  No.  #,  R'GG  S7i,  June  1971. 

4.  N.  Laulainen,  Project  ASTRA,  Astronomies!  and  Space  Techniques  for  Research  on  the 
Atmosphere,  ASTRA  Publication  No.  II,  University  of  WarMngton,  Seattle,  UiT2. 

5.  N.  Laulainen,  "Bibliography  of  the  Spectra  of  Atmospheric  Minor  Cases,"  Appl.  Opt., 

Vol.  12,  No.  J,  1973,  p.  #17. 
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The  computation  methods  reviewed  are  as  follows: 

1.  exact  solutions 

2.  itentive  method 

3.  spherical  harmonics  method 

4.  discrete  ordinates  method 

5.  invariant  imbedding  technique 

6.  doubling  technique 

7.  moment  methods 

8.  Monte  Carlo  method 

9.  Schuster -Schwarzchild  method 

10.  Eddington’s  method 

11.  Romanova's  method 

12.  Turner's  method. 

The  format  in  presenting  scattering  methods  is  thus  somewhat  different  from  that  for  absorp- 
tion, in  that  the  goal  in  the  absorption  methods  is  actually  to  produce  transmittance  and  ra- 
diance models,  in  addition  to  reviewing  the  mathematical  techniques. 

1.3.3  SECTION  4.  THEORY  OF  ATMOSPHERIC  ABSORPTION 

After  reviewing  the  radiative  transfer  equation,  we  discuss  the  formal  solution,  showing 
that  the  Important  part  is  integration  over  wavelength  or  frequency,  inasmuch  as  the  very 
large  spectral  variation  in  the  absorption  coefficient  requires  the  use  of  numerical  methods. 
This  presents  a different  format  than  for  scattering,  for  which  the  spectral  variation  is  small. 
A description  of  the  major  absorbers  is  given  along  with  some  of  the  mechanisms  for  ab- 
sorption. The  Air  Force  Cambridge  Research  Laboratories  (AFCRL)  Compilation  of  line  pa- 
rameters is  discussed  in  this  section. 

1.3.4  SECTION  5.  GENERALIZATION  Or  METHODS  OF  CALCULATING 
ATMOSPHERIC  ABSORPTION 

The  two  general  methods  of  numerically  integrating  within  finite  spectral  intervals  are 
the  so-called  line-by-line,  direct  integration  method,  and  the  category  of  what  are  generally 
known  as  band  models.  As  stated  earlier  in  this  section,  the  aversion  to  the  line -by-line 
method  no  longer  exists  except  that  computing  costs  can  sometimes  be  excessive.  As  far  as 
band-models  are  concerned,  this  section  devotes  attention  mainly  to  the  more-or-less 
"classical"  models,  or  adaptations  from  them.  Much  of  what  has  been  available  in  the  liter- 
ature for  some  time  is  presented  here.  Wo  show  also  some  of  the  more  recently  reported 
methods  for  deriving  band-model  parameters,  especially  using  line  parameters  as  compiled, 
for  example,  by  AFCRL. 

Because  the  parameters  derived  for  band- model  calculations  are  usually  pertLient  to 
the  homogeneous  atmosphere,  and  because  slant-path  calculations  involving  inhomogeneous 
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atmospheres  are  more  interesting  than  horizontal -path  calculations,  methods  are  derived  to 
use  homogeneous  data  in  non-homogeneous  cases.  The  Curtie-Godson  approximation  is  dis- 
cussed and  certain  critiques  of  it  are  given. 

1.3.5  SECTION  6.  DETAILS  OF  THE  LINE-BY-LINE  METHOD 
OF  CALCULATION 

Using  a compilation  of  line  parameters  and  the  appropriate  equations  relating  these 
parameters  to  the  absorption  coefficient,  one  could,  with  a simple  trapezoidal-rulc  (or  more 
accurately,  Simpson-rule  Integration),  reproduce  the  line  structure  of  molecules  and  cal- 
culate the  spectral  transmittance  for  known  atmospheric  paths.  The  cost,  however,  would  be 
large.  Methods  have  been  devised  to  take  advantage  of  the  peculiarities  in  the  line  structure 
and  perform  a direct  integration  at  lower  cost.  Nevertheless,  the  cost  of  calculating  by  the 
direct  method  is  still  very  high  In  comparison  with  the  use  of  band-models  methods. 

Some  of  the  methods,  namely  those  of  Kyle  { 5|  and  Scott  [ 7j  , use  a constant  spacing  of 
points  on  the  abscissa  for  the  integration  interval,  but  achieve  an  efficient  calculation  by 
optimizing  the  size  of  the  spacing.  In  this  way,  they  are  able  to  obtain  a reasonable  accuracy 
while  limiting,  to  some  extent,  the  computation  time.  In  Kyle's  method,  the  region  near  the 
line  center  can  be  accomodated  with  a relatively  coarse  mesh,  but,  as  mentioned  by  Gllle 
(in  Kurlyan,  1973),  the  disadvantage  is  in  requiring  a relatively  fine  mesh  for  the  line  wings, 
where  coarser  meshes  can  be  accommodated. 

In  Scott's  method  the  mesh  size  fer  Integration  Is  determined  by  the  half-width  of  the 
line.  But  since  the  half-width  varies  with  altitude,  the  meeh  size  varies  also  with  altitude. 
The  smallest  mesh  size  Is  determined  by  the  half-width  at  the  highest  altitude  used  In  the 
calculation. 

Checking  the  accuracy  of  these  different  methods  would  require  making  independent 
calculations,  deemed  infeasible  In  this  study,  even  if  the  programs  were  available.  Avail- 
ability can  be  ascertained  only  by  contacting  the  authors,  which  was  not  done  for  this 
report  in  these  cases.  The  major  feature  of  these  methods  seems  to  be  speed  of  computation, 
although  in  Kyle's  case  it  is  not  obvious  that  this  is  always  achieved.  No  assessment  of 
Scott's  technique  has.  been  made  except  that  presented  in  Section  6 from  Scott'e  paper. 


fl.  T.  C.  Kyle,  "Net  Interval  for  Calculating  Absorption  Spectra,"  J.  Opt.  Soc.  Am.,  Vol.  58, 
No.  2,  196(Kc),  pp.  192-195. 

7.  N.  A.  Scott,  "A  Direct  Method  of  Computation  of  the  Iranemlaalon  Function  of  an  In- 
homogeneous Caoeous  Medium,  I:  Description  of  tho  Method,"  J.  Ouant.  Spec.  Rad. 
Trana.,  Vol.  14,  1974,  pp.  891-704. 
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The  Drayson  technique  1 8]  .nd  the  Kunde  and  Maguire  technique  [ 9] , which  is  patterned 
after  Drayson’s,  dc  not  ehift  the  constant  mesh,  as  does  Kyle,  but  use  a variable  width  of 
intervals.  In  this  way,  they  car  compute  with  high  resolution  at  the  line  centers  and  coarser 
resolution  away  from  the  centers  of  lines.  This  technique  optimizes  quadrature,  evaluating 
the  absorption  coefficient  at  the  fewest  numter  of  wavenumbers  by  using  Gaussian  quadrature. 
Very  high  fidelity  can  be  achieved  if  the  quadrature  Intervals  are  spaced  closely;  however, 
~l%can  be  achieved  by  making  the  intervals  coarser.  At  the  same  time  this  allows  the  pro- 
gram to  run  faster. 

The  availability  of  the  Drayson  and  Kunde-Maguire  programs  is  not  known,  although  they 
went  made  available  to  IPJA.  We  have  not  used  the  Kunde-Maguire  program,  nor  have  we 
discussed  its  use  with  the  originators.  We  have  used  the  Drayson  program,  but  only  with 
close  consultation  with  Drayson.  It  is  likely  that  anyone  applying  this  program  to  an  atmospher- 
ic problem  would  require  the  same,  unless  Drayson  publishes  it  along  with  extensive  documenta- 
tion. 

Drayson  alleges  (in  a private  communication)  that  an  "independent  check  with  Kunde 
shows  a maximum  error  in  transmittance  of  about  0.0001  using  the  most  accurate  options 
in  the  program.  It  may  be  made  faster  (but  somewhat  less  accurate)  by  using  lower  order 
quadrature  or  larger  intervals."  We  have  used  Drayson’s  program  on  an  IBM  ^60  computer 
and  found  that,  as  a very  rough  rule  of  thumb,  the  cost  of  computing,  in  the  calculations  we 
made  with  a low -order  quadrature,  was  perhaps  in  excess  of  SO. 15  per  spectral  line. 

(Caution,  however;  this  number  could  be  considerably  different, up  or  down.)  We  would  ex- 
pect that  the  computing  time  of  the  Kunde-Maguire  program  is  at  least  comparable.  One 
has  the  option  in  Drayson’s  program  of  ignoring  weak  lines,  but  it  is  obvious  that,  in  the 
Q-branches  of  bands  where  the  lines  number  in  the  thousands,  the  cost  of  a direct  integration 
can  be  considerable.  You  pav  a stiff  price  for  accuracy,  and  in  many  cases  there  is  no  other 
choice,  because  band-models  simply  cannot  reproduce  actual  conditions  as  well  as  line-by- 
line calculations. 

None  ' f the  line-by-line  methods  are  able  to  account  adequately  for  absorption  in  the 
so-called  continuum  regions  of  the  spectrum.  Therefore,  the  effect  of  the  continuum 
(especially  H2O)  must  be  accounted  for  empirically,  as  with  band  models. 

Arklng  and  Grossman  [ 10J , following  an  earlier  precedent,  have  described  a technique 
for  avoiding  a direct  line-by-line  integration  without  resorting  to  the  usual  band-model 

8.  8.  R.  Drayson,  The  Calculation  of  Long-Ware  Radiative  Transfer  In  Planetary  Atmo- 
spheres, Report  Mo.  07584-1-T,  University  of  Michigan,  Ann  Arbor,  1967. 

8.  V.  C.  Kunde  and  W.  C.  McGuire,  "Direct  Integration  Transmittance  Model,”  J.  Quant. 

Spect.  Rad.  Trann.,  Voi.  M,  1974,  p.  803. 

10.  A.  Arklng  and  K.  Grossman,  "The  Influence  of  Une  Shape  and  Band  Structure  on  Tem- 
peratures In  Planetary  Atmosphere,"  J.  Atmos.  Scl.,  Vol.  29,  1972,  pp.  937-949. 
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methods.  The  technique  of  substituting  an  absorption  coefficient  distribution  (k-distributiem) 
for  the  actual  ordering  of  spectral  lines  is  described  in  this  section,  giving  some  simple 
distributions  related  to  relatively  unrealistic-models,  but  iir,o  to  some  actual  line  data.  A 
serious  restriction  of  this  method  is  that  the  atmosphere  must  be  homogeneous.  Glllc  (in 
Kurlyan,  1973)  points  out  that  in  a given  real  band,  the  distribution  forms  a "histogram  of 
absorption  coefficients,"  and  that  the  transmittance  is  calculated  from 


N 

r(w)  =2^bie 

fa 


■kjW 


where  = 1,  and  b^  and  k.  are  functions  of  the  conditions  in  the  homogeneous  layer. 

1=1 

I. 3.6  SECTION  7.  ILLUSTRATIONS  OF  BAND-MODEL  METHODS 

As  band-model  techniques  were  presented  In  the  former  state-of-the-art  report  [Andiag, 
1967]  , the  methods  of  various  investigators  are  described  in  Section  7.  These  methods  all 
depend  directly  on  the  use  of  one  of  the  original  band  models  described  in  Section  5,  or 
adaptations  from  them,  in  one  way  or  another.  The  methods  included  are: 

Statistical  Model  - Elllngson:  Rodgers  and  Walshaw; 

Goldman  and  Kyle 

Quasi-Random  Model  - Kuude;  Haurwitz 

Other  published  Single-Model  Computations  - Daniels:  Jackson 

Aggregate  Method  - Anding,  Rose,  Walker 

LOWTRAN  2 Method  - AFGRL/McClatchcy,  Selby,  et  al. 

The  statistical  model  calculation  methods  of  Ellingson  [ 11]  , Rodgers  and  Wilshaw  [ 12] 
(after  whom  Elllngson  patterned  his  approach),  and  Goldman  and  Kyle,  are  straightforward 
applications  of  the  "classical"  models.  The  importance  of  their  contributions  to  the  state- 
of-the-art  lies  mainly  In  the  explicitness  with  which  the  techniques  are  described,  and  the 
detail  in  which  the  line  parameters  were  applied.  We  should  expect  that  the  results  represent 
accuracies  limited  only  by  the  basic  limitations  in  band-model  methods  and  the  atmospheric 
data  used  In  the  calculation.  All  of  the  methods  are  adequately  explained  ir.  the  original 
papers,  and  with  a reasonable  thoroughness  ir  tliis  section.  It  would  net  be  a simple  matter 
to  apply  these  methods  directly  to  an  individual’s  problem,  because  the  computation  tech- 
niques are  generally  unavailable  In  the  publications,  and,  except  for  a few  small  spectral 

II.  R.  G.  Elllngson,  A New  I .one  "Wave  Radiative  Transfer  Model;  Calibration  and  Applica- 
tion to  the  Tropical  Atmosphere,  Report  Mo.  72-4,  Florida  State  Ur.Ivcrr.Uy, 

Tallahassee,  1872. 

12.  C.  D.  Rodgers  and  C.  D.  Walshaw,  "The  Computation  of  Infrared  Coollr-  Rate  In  riane- 
tary  Atmospheres,"  Qrtly.  J.  Royal  Meteor.  Soc.,  Vol.  f.\  IT. r f3,  pp.  67-‘.)2. 
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intervals,  few  band-model  parameters  are  included.  It  is  the  absence  of  the  latter,  however, 
which  is  the  more  serious,  since  programming  the  equations  should  be  no  difficult  matter, 
although  perhaps  tedious.  Anyone  seriously  interested  in  performing  atmospheric  trans- 
mittance and  radiance  calculations  should  be  familiar  with  these  techniques,  notwithstanding 
the  absence  of  some  peripheral  material. 

The  quasi-random  method  of  Kunde  [ 13]  and  of  Haurwitz  f 14]  are  direct  applications 
of  the  methods  advanced  in  the  work  of  Wyatt,  Stull  and  Plass  [15]  and  Stull,  Wyatt  and 
Plass  [ 16]  . Kunde  includes  a program  in  his  report  for  the  computation  of  HgO  vapor  trans- 
mittance. The  program  can  be  obtained  by  consulting  the  original  work  [ 13]  . 

Ouasi-random  techniques  have  not  received  the  serious  consideration  in  the  literature 
that  they  perhaps  deserve.  Given  a set  of  line  parameters  from  which  to  calculate  band-model 
data,  it  seems  that  one  has  unlimited  potential  for  performing  calculations  with  reasonable 
accuracy  and  a range  of  spectral  resolutions  suited  to  his  own  taste.  But  since  the  cost  vs 
accuracy  tradeoff  often  resides  at  one  of  the  two  extremes,  the  quasi-random  model  is 
usually  neglected. 

The  methods  of  Daniels  and  Jackson  are  presented  because  they  also  represent  contri- 
butions to  the  state  -of-the-art.  The  computer  program  generated  by  Daniels  [17]  has  not  been 
openly  published  although  it  may  be  available  from  the  originator.  Jackson's  work  has  limited 
accessibility  because  it  is  described  in  a report  with  limited  distribution.  Daniel's  method  has 
been  described,  however,  in  one  of  the  trade  journals  [18],  and  is  accessible,  therefore,  in  prin- 
ciple, at  least  through  a description  of  the  method  used. 

The  last  t^o  methods  presented  in  Section  7,  the  Aggregate  method  and  the  LOWTRAN  2 
method  are  the  two  models,  to  our  knowledge,  which  have  complete,  or  nearly  complete, 
availability  and  accessibility.  The  Aggregate  method  is  described  in  an  Aerospace  Corporation 

13.  V.  G.  Kunde,  Theoretical  Computations  of  the  Outgoing  Infrared  Radiance  from  a Plane- 
tary Atmosphere,  NASA  Report  No.  TN-D-4045,  Goddard  Space  Flight  Center,  Green- 
belt,  Md.,  1967(b). 

14.  F.  D.  Haurwitz,  The  Distribution  of  Tropospheric  Infrared  Radiative  Fluxes  and  Asso- 
ciated Radiative  Fluxes  and  Associated  Heating  and  Cooling  Rates  in  the  Southern 
Hemlophere,  University  of  Michigan,  Ann  Arbor,  1972. 

15.  P.  J.  Wyatt,  V.  R.  Stull  and  G.  N.  Plass,  Infrared  Transmission  Studies,  Vol.  2:  The 
Infrared  Absorption  of  Water  Vapor,  Report  No.  SSD-TDR -62-127 -Vol.  2.,  Ford 
Motor  Company,  1962(a). 

16.  V.  R.  Stull,  P.  J.  Wyatt  and  G.  N.  Plass,  Infrared  Transmission  Studies,  Vol.  3:  The 
Infrared  Absorption  of  Carbon  Dioxide,  Report  No.  SSD-TDR-62-127-Vol.  3,  Ford 
Motor  Company,  1963. 

17.  G.  Daniels,  AVCO  Everett  Research  Laboratory  private  communication,  1973. 

18.  G.  Daniels,  "A  Computer  Program  for  Atmospheric  Infrared  Transmission  and  Back- 
ground Calculations,"  Optical  Engr.,  Vol.  13,  No.  2,  1974,  pp.  92-97. 
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re|x>rt  by  Hamilton,  Rowe  and  Anoing  ( 19  j , and  a synopsis  of  the  method  is  contained  in  this 
re|>ort  in  Section  7.4.  The  Aggregate  method  was  so  named  because  it  is  a compilation  of  the 
various  models,  or  adaptations  of  them,  wnich  were  explained  in  the  1R1A  1967  state-of-the-art 
report.  The  compilation  was  later  formulate^  in  a computer  program  by  Anding,  Rose  and 
Walker  at  the  Environmental  Research  Institute  of  Michigan  (ERIM). 

There  is  sufficient  coverage  of  various  models  in  the  Aggregate  method  to  make  it  a 
reasonably  accurate  technique  for  calculation,  certainly  within  20',',  of  reality  except  under 
severe  conditions;  but  hardly  better  than  a few,  say  5%  , under  optimum  conditions.  These 
same  statistics  hold  for  LOWTRAN  2,  which  is  perhaps  no  more  than  one  should  expect  to 
achieve,  considering  the  poor  availability  of  reliable  atmospheric  environmental  data  whf'h 
are  essential  inputs  to  either  method.  The  Aggregate  method  suffers  from  a minor  drav  back, 
the  fact  that  the  spectral  resolution  inherent  in  the  result  is  not  consistent  with  what  is 
achievable  with  even  moderately  good  spectral  instruments.  Furthermore,  the  results  ary 
from  relatively  good  resolution,  approximately  1 cm'*,  to  values  of  the  order  of  100's  .if 
cm'*.  The  cost  of  running  a spectrum  tn  transmittance  and  radiance  is  attractive,  as  s the 
case  with  LOWTRAN  2,  being  on  the  order  of  $5.00  to  cover  the  range  to  30  pm.  The  . pectral 
resolution,  for  LOWTRAN  2 is  a constant  20  cm'*. 

LOWTRAN  2 differs  from  the  Aggregate  method  in  a rather  basic  way.  It  is  a completely 
empirical  method,  being  derived  from  no  particular  formal  model,  but  based  on  the  fit  of  an 
empirical  formula  to  experimental  data  and  data  calculated  from  the  AFCRL  compilation  of 
line  parameters.  Since  a single,  empirically  derived,  function  is  expected  tc  perform  the 
work  of  the  many  different  functions  ir  the  Aggiegate  method,  LOWTRAN  2 is  much  neater 
and  more  easily  manageable;  but  it  seems  not  as  adaptable  to  changes  in  atmospheric  con- 
stituents, and  is,  therefore,  more  subject  to  error.  However,  in  view  of  the  usually  poor 
knowledge  we  have  of  meteorological  conditions  for  a given  circumstance,  we  are  not  neces- 
sarily seriously  hampered  by  a minor  lack  of  accuracy  in  the  band  model.  Thus,  there  seems 
from  these  considerations,  to  be  a toss-up  in  choice  between  the  Aggregate  and  the  LOWTRAN  2 
methods. 

From  the  point  of  view  of  availability  and  accessibility,  LOWTRAN  2 seems  to  edge  out 
the  Aggregate.  LOWTRAN  2 is  available  in  a card  deck  which  can  be  obtained  from  Air  Force 
Cambridge  Laboratories,  The  report  issued  to  explain  the  use  of  LOWTRAN  2 [ 20}  has 
adequate  documentation  so  that  the  use  of  the  program  on  the  cards  is  easy.  Furthermore, 

19.  J.  N.  Hamilton,  J.  A.  Hove  and  D.  Anding,  Atmospheric  Transmission  and  Emission 
Program,  Report  No.  TOIt-0073(3050-<32)-3,  Aerospace  Corporation,  1973. 

20.  J.  Selby  and  R.  M.  McClatchey,  Atmospheric  Transmittance  from  0.25  to  2.55pm: 

Computer  Code  LOWTRAN  2,  Report  No.  AFCRL-72-C745,  Air  Force  Cambridge 
Research  Laboratories,  Bedford,  Mass.,  1972. 
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the  method  Is  graphically  represented  In  another  report  [21]  which  maV.es  it  easy  to  perform 
spot-check  spectral  transmlttances  In  a very  short  time. 

The  program  for  the  Aggregate  method  is  obtainable  from  ER1M,  and  elsewhere,  but  at 
present  the  documentation  is  not  explicitly  described  as  for  LOWTRAN  2.  Neither  method  is 
easily  adaptable  to  atmospheric  parameters  aside  from  the  ones  provided  in  tne  five  atmo- 
spheric models  given  in  Section  10. 

1.3.7  SECTION  8.  MULTI-PARAMETER  ANALYTICAL  PROCEDURES 

The  calculation  methods  presented  in  this  section  are  based  on  functions  which  incorpor- 
ate a larger  number  of  parameters  than  the  band  models  described  in  Section  7.  We  have 
found  only  a few  documented  methods  which  fit  into  this  category,  but  it  seems  apparent  that 
the  large  number  of  feasible  variations  is  limitless,  if  perhaps  needless.  As  is  the  case  in  the 
rest  of  the  report,  the  methods  presented  in  this  section  are  representative,  since  it  would  be 
Impossible  to  present  every  technique  created,  even  if  they  could  all  be  found.  We  did  not 
attempt  to  include  anything  which  pre-dates  Zachor's  work  [ 22]  . Those  presented  here 
represent  the  investigations  of  Zachor,  Gibson  and  Pierlulssl.and  Smith. 

Each  method  presented  here  would  appear  to  be  an  attractive  candidate  as  a calculation 
technique,  from  the  viewpoint  of  both  simplicity  and  accuracy;  however,  they  have  been 
created  for  singular  purposes,  and  are  not  easily  adaptable  to  outside  use.  Zachcr  presents 
parameters  in  his  report  [23]  which  would  allow  a user  to  perform  calculations  in  a limited 
region  for  CO2.  Smith’s  data  set  [24]  is  also  limited,  although  in  a different  region,  and  for 
H2O  and  CX>2* 

Gibson  and  Plerldssl  [25]  published  a long  list  of  coefficients  which  were  derived  from 
the  data  of  Wyatt,  Stull  and  Plass  (1962a)  and  Stull,  Wyatt  and  Plass  (1963).  These  data  have 
been  found  slightly  deficient,  particularly  in  certain  O-branches,  and  Pierl'iissi  [26] 

21.  R.  A.  McClatchey,  et  al.,  Optical  Properties  of  the  Atmosphere,  Third  Edition,  Report 
No.  AFCRL-72-0497,  Air  Force  Cams-idge  Research  Laboratories,  Bedford,  Mass., 

1972. 

22.  A.  S.  Zachor,  "A  General  Approximation  for  Gaseous  Absorption,”  J.  Quant.  Spect.  Rad. 

Trans.,  Vol.  8,  1968(a),  pp.  771-781. 

23.  A.  S.  Zachor,  "Equations  for  the  Transmittance  1 < the  2 ji  CO5  Bands,”  J.  Quant.  Spect. 

Rad.  Trans.,  Vol.  8,  1988(b),  pp.  1341-1349. 

24.  W.  L.  8mlth,  A Polynomial  Representation  of  Carbon  Dioxide  and  Water  Vapor  Trans- 
mission, Report  No.  NESC  47,  National  Environmental  Satellite  Center,  Washington, 

D.  C.,  1969. 

25.  G.  A.  Gibson  and  J.  H.  Plerlulssi,  "Accurate  Formula  for  Gaseous  Transmittance  In 
the  Infrared,"  Appl.  Opt.,  Vol.  10,  No.  7,  1971,  pp.  1509-1518. 

26.  J.  H.  Plerlulssi,  "Polynomial  Representation  of  Transmittance  Models,"  Appl.  Opt., 

Vol.  12,  No.  4,  1973,  pp.  776-778. 
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published  another  paper  with  a partial  listing  of  coefficients  derived  from  experimental 
data. 

Unless  the  user  is  prepared  to  perform  a considerable  effort  in  compiling  parameters 
for  his  own  use,  it  seems  he  will  only  be  able  to  put  the  methods  of  Zachor,  Gibson-Pierluissi. 
and  Smith  (and  presumably  others)  to  limited  use.  Still,  the  accuracy  achieved  by  them  is 
favorable,  at  least  on  the  basis  of  comparisons  made  by  the  original  investigators,  and  they 
appear  straightforward  to  program  and  use. 

1.3.8  SECTION  9.  LABORATORY  MEASUREMENTS,  FIELD  MEASUREMENTS 
AND  THE  RESULTS  OF  CALCULATION  FOR  ABSORPTION 

The  first  part  of  this  section  is  included  to  give  the  user  a guide  to  the  kinds  of  data  that 
have  been  used  for  generating  parameters  for  the  various  calculation  methods.  One  should 
be  able  to  obtain  in  part  from  this,  in  conjunction  with  the  assessments  of  the  formulations  of 
the  computation  techniques,  the  range  of  conditions  from  which  he  can  expect  the  best  accura- 
cies in  calculation,  and  thus,  at  what  points  the  extrapolated  values  are  likely  to  seriously 
limit  accuracies. 

In  the  rest  of  this  section,  we  have  attempted  to  delineate  some  of  the  types  of  field 
measurements  that  have  been  reported,  to  give  the  user  a guide  to  what  comparisons  can  be 
made  to  judge  the  accuracy  of  calculated  results.  The  reader  will  find,  however,  that  these 
Judgments  are  not  so  easy  to  make,  ever,  though  the  experimental  results  are  probably 
reliable,  and  certa  .n  of  the  meteorological  conditions  are  adequately  documented.  However, 
certain  trends  can  be  observed,  and  from  this  viewpoint,  at  least,  inclusion  of  some  of  the 
experimental  results  Is  warranted. 

In  addition,  comparisons  are  made  between  the  calculated  results  obtained  using  the 
Aggregate  and  LOWTRAN  2 methods.  The  reader  is  referred  to  the  body  of  the  report  for 
a more  in-depth  discussion  of  the  comparisons  that  are  made. 

1.3.9  SECTION  10.  ATMOSPHERIC  CONSTITUENTS 

This  section  surveys  a small  realm  of  meteorology  with  the  intent  of  leading  the  user  to 
some  of  the  sources  of  this  most  important  element  in  the  calculation  of  atmospheric  trans- 
mittance and  radiance.  To  give  some  Idea  of  the  scope  of  a more  complete  effort,  we  should 
like  to  direct  the  reader  to  a study,  the  results  of  which  are  not  yet  openly  available.  This 
study  Is  the  result  of  a program  in  the  Department  of  Transportation  entitled  Climatic  Impact 
Assessment  Program  (CIAP),  designed  to  determine  regulatory  constraints  on  flights  in  the 
stratosphere  such  that  no  adverse  environmental  effects  result.  Much  of  the  program  Is 
documented  in  six  supporting  monographs,  describing  the  atmosphere  and  things  that  Impact 
on  the  atmosi  ere.  We  believe  these  will  be  an  extremely  useful  set  of  documents. 
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The  subject  matter  of  this  section  is  very  important.  We  have  laid  a reasonable  amount 
of  stress  in  previous  sections  on  techniques  of  calculation,  and  the  fidelity  with  which  they 
represent  the  actual  physical  process  of  absorption  and  scattering.  We  have  found,  however, 
that  if  one  is  willing  to  compromise  on  accuracy,  the  choice  of  a method  can  at  times  be  made 
arbitrarily.  For  the  most  part,  in  previous  sections,  when  we  have  stressed  the  variability 
of  accuracy,  we  have,  at  the  time,  chosen  to  ignore  the  atmosphere.  We  can  no  longer  do  so, 
because  the  highest  achievement  in  accuracy  can  be  utterly  destroyed  by  the  choice  of  even 
a slightly  devious  set  of  atmospheric  parameters. 

We  hope  that  the  references,  at  least  in  part,  make  up  for  the  huge  mads  of  information 
which  obviously  could  not  be  included  in  che  report. 

1.4  SOME  TOPICS  NOT  COVERED  IN  THIS  REPORT 

The  emphasis  in  this  report  has  been  on  processes  involving  radiative  equilibrium.  We 
have  essentially  ignored  non-equilibrium  phenomena  in  atmospheric  emitted  radiation  for  at 
least  two  reasons.  First,  because  drawing  the  dividing  line  between  the  Incorporation  of 
equilibrium  (thermally  induced)  processes,  and  non-equilibrium  phenomena  in  no  way  com- 
promises the  calculation  of  transmittance.  Second,  because  not  nearly  as  many  non- 
equilibrium results  have  been  found  which  can  be  used  with  the  same  finality  and  confidence 
as  those  produced  in  the  numerous  investigations  on  equilibrium  phenomena. 

A similar  decision  had  to  be  made  regarding  the  matter  of  turbulence  in  the  atmosphere. 

It  is  recognized  from  the  point  of  view,  especially,  of  Imaging  systems  that  the  subject  of 
atmospheric  turbulence  is  one  of  utmost  Importance.  But  it  is  difficult  enough  to  model  the 
atmosphere  even  in  its  stable  mode. 

1.5  USE  OF  THE  REPORT 

The  primary  objective  of  this  report,  as  already  stated,  is  to  present  the  state-of-the-art 
of  the  subject  matter.  From  a broader  viewpoint,  however,  it  is  meant  also  to  be  more  directly 
applicable  to  user  needs. 

One  reader  may  wish  to  have  an  in-depth  understanding  of  the  subject.  He  will  have  to 
make  more  than  a passing  perusal  of  the  various  sections  summarized  above.  For  this  type 
of  reader,  it  is  assumed  that  his  interest  goes  beyond  merely  finding  the  right  method  for 
making  a calculation,  but  encompasses  also  the  making  of  judgments  requiring  a more-or-less 
full  understanding  of  the  techniques  used.  He  will  also  have  to  consult  the  references  cited, 
because  the  sections  in  this  report  were  intended  only  to  give  sketches  of  the  greater  detail 
to  be  found  in  the  original  works. 
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On  the  other  hand,  there  is  likely  to  be  also  the  reader  with  only  a passing  interest  in  the 
subject.  He  should  be  reasonably  satisfied  having  read  only  the  preceding  synopsis.  Also,  one 
may  wish  to  find  quickly  the  method  he  needs  to  serve  his  Immediate  purpose.  He  will  undoubt- 
edly want  to  read  through  the  material  in  this  report,  but  without  necessarily  referring,  except 
in  specific  instances,  to  the  original  works.  For  his  purpose,  we  have  included  the  sort  of 
guide  to  selection  that  follows. 

We  assume  that,  from  the  user’s  point  of  view,  a given  model  should  possess  the  following 
criteria:  (1)  accuracy;  (2)  speed  (low  computation  times);  (3)  adaptability;  and  (4)  practicality. 

The  model  should  not  be  so  crude  that  results  differ  greatly  from  exact  formulations.  Speed 
of  computation  Is  also  Important  especially  if  cne  is  interested  in  varying  a large  number  of 
model  parameters.  Adaptability  is  of  importance  since  practical  applications  usually  require 
the  alteration  of  boundary  conditions  or  the  changing  of  physical  and  geometrical  parameters 
in  the  problem  to  be  solved.  Finally,  a useful  model  should  be  practical  in  the  sense  that  it 
encompasses  the  majority  of  the  necessary  elements  for  computing  its  expected  range  of 
parameters.  Further,  the  practicality  of  a model  must  be  judged  in  accordance  with  its  acces- 
sibility. 

Although  it  is  almost  impossible  to  ascertain  which  models  have  been  developed  for  all 
the  various  applications,  we  will  present  here  a general  chart  of  the  overall  acceptability  of 
mathematical  models  of  radiative  transfer,  from  the  point  of  view  of  scattering,  based  pri- 
marily upon  the  above  mentioned  criteria  (Table  1).  The  model  or  descriptive  names  should 
be  interpreted  as  referring  to  a particular  technique  rather  than  an  individual  specialized  j 

model  or  computer  program.  The  methods  are  ranked  as  excellent  (E),  good  (G),  fair  (F),  or  j 

i 

poor  (P). 

It  Is  immediately  evident  that  persons  more  intimately  familiar  with  different  techniques 
will  surely  rate  the  different  methods  differently.  We  have  tried  implicitly  to  integrate  the 
four  enumerated  qualities  into  one  entity,  utility.  We  realize,  however,  as  pointed  out  by  one 
of  our  reviewers  (Herman,  private  communication)  that,  in  any  calculations  of  radiative  trans- 

i 

fer,  one  must  decide  what  features  are  important,  and  what  features  are  not.  The  Turner 
method,  for  example,  appears  from  Table  1 to  have  perhaps  greater  utility  than  other  methods.  j 

However,  if  the  state  of  polarization  of  the  diffuse  field  is  a requirement,  the  Turner  and  other  j 

methods  fall  to  score  with  decent  accuracy.  On  the  other  hand,  the  adaptability  of  the  Turner  ’ 

method  is  nigh  enough  that  polarization  could  feasibly  be  included  in  any  modification  to  the  j 

technique.  This  may  very  well  be  true  of  other  methods  as  well,  although  the  lack  of  access!-  j 

bility  of  specific  information  on  computing  techniques  may  conceal  their  real  adaptability.  j 

We  have  tended  to  score  practicality  heavily  on  the  basis  of  accessibility.  As  pointed  out  j 

in  Section  1.1,  the  primary  emphasis  on  the  utilitarian  aspect  of  this  report  is  toward  j 

i 

♦ 

.1 
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assistance  to  the  military  systems  designer  who  sometimes  needs  only  moderately  accurate 
answers,  but  quickly.  On  the  other  hand,  a score  of  P on  the  basis  of  computer  time  used 
could  easily  be  Ignored  by  someone  whose  main  Interest  is  fidelity  to  the  real  world.  One  who 
has  constant  access  to  a facility  -owned  computer  might  readily  ignore  the  computer  Ume 
column  altogether.  Holng  so  would  give  greater  attractive  less  to  methods  which  otherwise 
score  poorly. 

We  must  concede  also  that  the  accuracy  column  can  only  be  used  in  some  cases  as  a 
rough  guide.  Admittedly,  all  models  have  not  been  tested  and  some  of  these  assessments 
have  to  be  made  on  the  basis  of  our  Judgments  derived  from  consulting  other  somc  -s.  On  the 
other  hand,  the  indefinite  nature  of  the  entiles  in  Table  1 (raid  Table  2 later)  appear  to  reflect 
a certain  awareness  that  accuracy  is  a quality  which  is  better  left  to  the  ultimate  Judgment 
of  the  user. 

As  far  as  the  Aggregate  and  LOWTRAN  2 methods  are  concerned,  if  we  should  rate  them 
in  the  same  way  as  the  scattering  models,  they  would  probably  come  out  about  equal  on  the 
basis  of  ’'computer  time,"  "adaptability,"  and  "practicality."  As  far  as  "accuracy"  is  con- 
cerned, we  believe  that  the  Aggregate  method  is  probably  more  accurate  because  it  is  more 
parameter -depende”'  But  again,  we  must  remember  that  accuracy  is  usually  more  greatly 
affected  by  factors  outside  the  calculation  method  than  it  is  on  the  method  Itself  (which,  of 
course.  Is  equally  true  of  the  scattering  methods).  From  the  point  of  view  of  availability, 
we  believe  the  LOWTRAN  2 method  rates  higher. 

The  oniy  absolute  basis  we  ha"e  for  Judging  accuracy  is  a direct  comparison  between 
calculated  and  measured  data,  several  cases  of  which  are  given  throughout  the  report.  The 
best  test  is  with  controlled  experiments  in  the  field,  but  most  of  these  are  restricted  to  hori- 
zontal paths  which  do  not  provide  a valid  tent  of  the  effect  of  temperature,  pressure  and  con- 
centration changes.  One  reasonable  guideline  is  that  using  the  models  outside  of  the  ranges 
of  variables  provided  by  the  laooratory  experiments  (see  Section  9)  can  be  expected  to  incur 
errors  commensurate  with  the  extent  of  the  extrapolation. 

If  we  lump  the  absorption  methods  Into  six  broad  categories  and  tabulate  them  as  for  the 
scattering  methods,  we  are  likely  to  come  up  with  something  similar  to  Table  2. 


Note:  Because  of  the  large  number  of  symbols  and  nomenclature  used  in  this  report,  and 
because  it  was  necessary  to  repeat  some  symbols  to  represent  different  quantities,  il  is  essentia 
that  a list  of  symbols  and  nomenclature  be  included.  For  the  convenience  of  the  reader  a list  of 
symbols  is  placed  at  the  very  end  of  the  report  for  easy  reference. 
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TABLE  1.  RADIATIVE-TRANSFER-ATMOSPHERIC  MODEL  RATING  (SCATTERING) 


Model 

Accuracy 

Computer  Time 

Adaptability 

Practicality 

Exact  Solutions 

E 

F 

P 

P 

Iterative  Method 

G 

F-P 

F 

F 

) 

Spherical  Harmonics  Method 

G 

F-G 

F-G 

P 

i 

Discrete  Ordinates  Method 

G 

P 

G 

F-G  j 

Invariant  Imbedding 
Technique 

G 

P 

G 

I 

F 

Doubling  Technique 

G 

E 

P 

F 

Moment  Methods 

G 

P 

F 

F 

Monte  Carlo 

G 

P 

E 

F-P  | 

Schuster-ScKwarzchiid 

Method 

P 

E 

G 

F 

Eddington  Method 

P 

E ; 

F 

F 

Romanova's  Method 

F 

F 

F 

° j 

Turner's  Method 

G-F 

E 

G-F 

° i 

i 

} 

TABLE  2.  ATMOSPHERIC  ABSORPTION  METHOD  RATING 

i 

i 

t 

j 

Method 

Accurac 

y Computer  Time 

Adaptability 

i 

Practicality  \ 

General  Statistical 

G-F 

G-E 

F 

) 

G-F  1 

Quasi- Random 

G-E 

P-F 

F 

F 

Aggregate 

G-F 

E 

F 

G-F 

LOWTRAN2 

G-F 

E 

F 

G 

Multi-Parameter 

G 

G 

F 

F 

Llne-by-Llne 

E 

P 

F 
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RADIATIVE -TRANSFER  THEORY 

2.1  INTRODUCTION 

In  this  chapter  we  shall  delineate  some  of  the  basic  quantities  in  radiative -transfer 
analysis  by  describing  the  equation  used  to  represent  the  transport  of  radiation  through  a 
scattering  and  absorbing  medium. 

The  fundamental  quantity  used  to  define  the  amount  of  radiant  energy  at  a point  at  some 
time  is  the  spectral  radiance  for  a given  polarization  state.  We  shall  neglect  polarization 
and  define  spectral  radiance  as  the  energy  per  unit  time  per  unit  area  per  unit  solid  angle  per 
unit  spectral  interval  which  crosses  a small  surface  oriented  normal  to  the  direction  of 
propagation.  The  symbol  for  spectral  radiance  is  or  and  the  units  generally  used  are 
watts  per  square  centimeter  per  steradlan  per  spectral  interval.  The  spectral  dependence  Is 
as  readily  given  ir.  terms  of  wavenumber  (i>)  as  it  is  in  terms  of  wavelength  (A).  In  the  former 
case,  the  unit  Interval  is  cm"1  and  in  the  latter,  it  is  pm  (l.e.,  reciprocal  centimeters  and 
micrometers  respectively). 

Another  radiometric  quantity  of  Importance  in  the  consideration  of  radiation  transport  is 
the  spectral  trradiance,  or  the  spectral  radiant  energy  per  unit  time  per  unit  area  Incident  on 
a surface.  To  obtain  irradiance  on  a surface  element  (dA)  one  must  integrate  all  cf  the  in- 
coming radiation  over  the  hemisphere  centered  in  dA,  so, 

E = I L.  cos  8 <Xl  (1) 

■'heml 

where  8 is  the  angle  between  the  direction  of  propagation  and  the  normal  to  the  surface,  and 
dD  is  a differential  6olld  angle  whose  apex  is  at  dA.  The  functional  dependence  of  (or 
and  (or  E^)  will  be  shown  in  the  following  discussion. 

2.2  EQUATION  OF  RADIATIVE  TRANSFER 

Rr.dlatlve  transfer  theory  can  be  defined  as  the  quantitative  study  of  the  transfer  of  ra- 
diant energy  through  a medium  which  can  scatter,  absorb,  and  emit  radiation.  Its  origin  can 
be  traced  to  a paper  by  Schuster  on  "Radiation  Through  a Foggy  Atmosphere"  [27] . Later, 
important  contributions  were  made  by  Schwarzschlld,  Milne,  Eddington,  and  in  more  recent 
times  by  Chandrasekhar  and  Sekera.  Much  of  the  impetus  was  provided  by  astrophysics  In 
the  study  of  the  transfer  of  radiation  in  stars  and  stellar  envelopes.  Today,  the  theory  of  the 
transport  of  energy  encompasses  neutron  transport  theory,  radiative  transport  theory, 


17.  A.  Schuster,  "Radiation  Through  a Foggy  Atmosphere,”  Astrophys.  J.,  Vol.  21,  1905, 
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cosmic -raj'  transDort,  and  plasma  theory.  There  are  many  analogies  and  In  many  cases  the 
mathematical  procedures  used  In  the  analyses  are  quite  similar. 

The  axiomatic  basis  for  the  study  of  radiation  transport  is  the  Liouville  equation  in  which 
one  must  consider  the  distribution  function  which  characterizes  all  particles  in  phase  space. 
By  integrating  over  the  coordinates  of  all  particles  except  one  we  get  the  one-particle  distri- 
bution function  which  is  used  to  describe  the  properties  of  a "dilute"  gas;  that  is,  we  are 
neglecting  the  simultaneous  interactions  of  more  chan  two  particles.  Thus,  we  are  led  to  a 
Boltzmann  type  equation  for  a description  of  the  transfer  of  radiation  through  a scattering, 
absorbing,  and  emitting  medium. 

The  spectral  radiance,  defined  by  3L/?A  (or  ?L/?v),  should  strictly  retain  the  subscript, 

A or  r,  as  or  L . We  shall  retain  it  in  the  ensuing  discussion,  and  later,  for  the  sake  of 
simplicity,  assume  it  implicit  in  the  expression.  We  can  consider  a beam  of  monochromatic 
radiation  with  radiance  LX(A,  s,  b,  0,  t)  which  travels  along  a path  s in  a direction  b,  0 (the 
usual  polar  angles)  as  shown  in  Figure  1.  We  can  denote  the  increased  spectral  radiance 
I^fA,  s + ds,  b,  0,  t)  at  s + ds  by  LX(A,  s,  b,  0,  t)  + dL^A,  s,  b,  <t>,  t).  The  change  in  radiance 
over  the  distance  ds  can  be  written  in  terms  of  the  following  components  (neglecting  changes 
with  time): 

dL.  (A,  s,  b,  0) 

jg ((spontaneous  emission)  ♦ ((stimulated  emission) 

♦ c(ln-8cattering)  ♦ ((intrinsic) 

-((absorption)  - ((out -scattering)  (2) 

where  spontaneous  emission  is  independent  of  the  radiation  field  and  stimulated  emission  de- 
pends on  the  radiation  field,  behaving  as  negative  absorption.  The  term  in-scattering  refers 
to  the  radiation  which  is  scattered  from  all  directions  into  a specific  direction  b,  0.  This  de- 
pends on  the  radiation  field  and  is  given  by: 

k’(A,  s)  r 

((in-scattering)  = — r- — I p(A,  s,  b,  0,  b\  0’)L(A,  s.  b’,  0’)tn  (3) 

4 J4n 


where  k'(A,  s)  is  the  volume  scattering  coefficient.  This  is  the  scattering  cross  section  per 
unit  volume,  or  the  probability  per  unit  length  that  an  Individual  photon  will  be  scattered.  Its 
units  are  cm"*.  The  quantity  p(A,  s,  b,  0,  b\  0')  is  the  single -scattering  phase  function  and 
is  a measure  of  the  probability  of  scattering  from  a direction  b\  0'  into  a direction  b,  0.  It  is 
normalized  such  that  its  integral  over  a complete  sphere  is  unity,  l.e., 


~f 


4ir 


p(A-  s,  b,  »,  b\  0’)dn'  = 1 


(4) 
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The  intrinsic  term  refers  to  a specific  autonomous  source  placed  in  the  medium.  These  four 
terms  comprise  the  gain  of  radiant  energy  at  wavelength  X at  a point  s In  the  medium  for 
radiation  traveling  in  direction  9,  <)>  at  time  t.  Loss  of  radiation  occurs  by  means  of  absorp- 
tion and  tiie  scattering  of  radiant  energy  out  of  the  beam  which  are  given  by: 

c(absorptlon)  = -k^(X , sjL^X,  s,  9,  $)  (5) 

and 

e(out -scattering)  - -k^(X,  s)L^(A,  s,  9,  $)  (6) 

where  k'(A,  s)  is  the  volume  absorption  coefficient,  or  the  probability  per  unit  length  for  the 
a .1 
absorption  of  an  individual  photon.  Its  units  are  cm  . These  quantities  can  be  combined 

into  an  extinction  coefficient  k'(X,  s): 

k'(A,  s)  = k^(X,  s)  + k^(X,  s)  (7) 

where  k'(X,  s)  is  the  probability  per  unit  length  of  an  individual  photon  undergoing  either  ab- 
sorption or  scattering,  given  in  units  of  cm  *. 

Combining  all  of  these  terms  gives  us  the  net  gain  in  radiance  per  unit  length: 
dLx 

= y'(x,  e)J(x,  s,  9,  <t>)  + y"(X,  s)Lx(X,  s,  9,  <f>) 
k'(X,  s)  r 

♦ %-  j p(A,  8,  9,  *,  9\  «')LX(X,  S,  9\  *’) dn* 

4ir 

+ q(X,  s,  6,  4>)  - k'(X,  s)Lx(X,  s,  9,  4>)  (8) 

where  y'(X,  s)  is  a coefficient  for  spontaneous  emission  and  J(X,  s,  9,  $)  is  the  source  function 
which  is  independent  of  the  radiation  field.  Likewise,  y"(X,  s)  is  the  corresponding  coefficient 
for  stimulated  emission  and  q(x,  s,  9,  +)  is  the  intrinsic  emission  term.  The  terms  y'(X,  s) 
and  y"(x,  s)  are  related  to  the  familiar  Einstein  A and  B coefficients.  For  a more  detailed 
treatment  of  these  coefficients  consult  Goody  [28]  and  Stewart  [29].  The  complete  (time- 
independent)  three-dimensional  radiative-transfer  equation  for  an  absorbing,  scattering,  and 
emitting  Isotropic*  inhomogeneous  atmospheric  medium  is  therefore 


*By  isotropic  it  is  meant  that  the  scattering  and  absorption  coefficients  are  Independent 
of  direction. 

28.  R.  M.  Goody,  Atmospheric  Radiation,  Oxford  University  Press,  1964(a). 

29.  J.  C.  Stewart,  Some  Topics  in  Radiative  Transfer  in  Developments  in  Transport  Theory, 

E.  Inonu  and  P.  F.  Zweifel  (eda.),  Academic  Press,  N.  Y.,  1967. 
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dLx 

= -{k’(A,  s)  -y"(A,  s)]Lx(A,  s,  9,  0) 

^1(^1  ®)  | 

+ — 47~J  p(*>  8>  *%(*,  8.  o\ 


+ y'(X,  s)J(A,  s,  0,  <(>)  + q(X,  s,  $,  <(>)  (9) 


If  the  medium  is  not  in  thermodynamic  equilibrium,  the  term  / (A,  s)  corresponding  to  stimu- 
lated emission  may  be  greater  than  k'(X,  s),  the  extinction  term.  In  that  case,  the  medium 
acts  as  a source  of  coherent  radiation  as  in  a laser.  Under  conditions  of  local  thermodynamic 
equilibrium  however,  the  population  of  states  is  such  that  k'(x,  s)  > y"(x,  s)  and  the  source 
term  J(A,  s,  9,  0)  becomes  the  Planck  function  which  is  on'y  dependent  upon  wavelength  and 
temperature: 


J(A,  s,  6,  0) 


LTE 


L>,  T)  = 


2hc 

. 5.  hc/xkT 
X [e 


or  L*(v,  T)  = 


2cV3 


v'  ’ jfthcv/kT  , j j 


(10) 


where  h is  Planck’s  constant,  k is  Boltzmann's  constant  and  T is  temperature.  For  the  pur- 
pose of  this  discussion,  we  shall  neglect  the  effects  of  stimulated  emission  and  assume  that 
the  condition  of  local  thermodynamic  equilibrium  holds  and  that  the  source  of  radiation  is  de- 
scribed by  the  Planck  function  of  Eq.  (10).  Thus,  the  basic  radiative -transfer  equation  is 
given  by: 


dh\ 

= -k'(X,  s)Lx(X,  s,  9,  0) 

k’(x,  s)  r 

♦ -s-ff—J  p(a,  s,  9,  0,  e\  0’)Lx(x,  S,  e\  0’)cn' 


♦ k;(A,  s)L^(X,  T)  + q(X,  s,  9,  0) 

< (,» 

Now,  defining  the  single  scattering  albedo  u>q(A,  s)  as 

wQ(X,  s)»  k^(A,  8)/k'(X,  s) 

(12) 

and 

Q(X,  s,  9,  0)  = q(A,  s,  9,  0)/k'(X,  s) 

1 (13) 

Eq.  (11)  becomes 


2jp 
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dL. 

di 


■x  f wo(x* s)  r 

-=  -k'(x,  s)^Lx(X,  6,  D,  A) ^ — J p(X,  s,  6,  A,  O',  0’)Lx(X,  8,  0 

4rr 


A’)<n’ 


i 

-[1  -w0(X,  6)1  L^X,  T)  -C(X,  8,  ».  A)j 


(14) 


We  shall  limit  ourselves  to  the  description  of  radiation  in  an  atmosphere  In  which  there  are 
no  Intrinsic  sources.  Thus,  we  have 


dLX  I"  <*VX'  s)  f 

—•  = -k'(X,  sK  L^X,  s,  6,  A)  - --4--  j P(X,  s,  0,  A,  0\  A')LX(X,  b,  O’,  A’)dST 
{ 4ir 


[1  -u>0(X,  s)jL*(X,  T) 


(15) 


This  concludes  the  simple  derivation  of  the  radiative  transfer  equation.  A more  detailed 
treatment  of  transport  theory  can  be  found  in  Kourganoff  [30],  Samuelson  [31j,  and  Turner  [32]. 

We  can  now  consider  special  cases  of  Eq.  (15).  First,  suppose  that  there  are  no  Interac- 
tions, either  scattering  or  absorption.  Then  k’(X,  s)  = 0 and  we  have 


d\ 

ds 


= 0 


(16) 


The  radiance  is  constant  everywhere  in  this  nonparticipating  medium.  Second,  suppose  we 
have  no  scattering.  This  means  that  Wq(X,  s)  = 0 and  Eq.  (15)  becomes 


s,  6,  A)  - L*(X,  T) 


} 


(17) 


Third,  let  us  consider  a purely  scattering  medium,  i.e.,  one  in  which  no  absorption  occurs. 
In  this  case  there  can  be  no  emission  and  Wq(A,  s)  = 1.  Equation  (15)  then  becomes 

30.  V.  Kourganoff,  Introduction  to  the  General  Theory  of  Particle  Transfer,  Gordon  and 
Breach,  N.  Y.,  1969. 


Si.  R.  E.  8atnuelson,  Radiative  Transfer  in  a Cloudy  Atmosphe-.e,  NASA  Report  No.  TR- 
R-21S,  Goddard  Space  Flight  Center,  Greenbelt,  Md-,  Office  of  Technical  Services, 
Dept,  of  Commerce,  Washington,  D.  C.,  1965. 

32.  R.  E.  Turner,  Transport  of  High-Energy  Cosmi : Rays  In  the  Interstellar  Medium, 
Ph.D  Thesis,  Washington  University,  St.  Louis,  Mo.,  1970. 
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dLX 

-g^=  -k'(X,  sKL^X,  6,  B,  «) 


p(x,  6,  e,  <t>,  e\  *’)Lx(x,  S,  »\  ♦wj 


(18) 


Fourth,  let  us  consider  the  case  In  which  the  scattering  law  is  isotropic,  i.e.,  p(X,  s,  0,  d,  9', 
$')  - 1.  Equation  (15)  then  becomes 


dL* 


= -k'(X,  shL^X,  s,  6,  <p) 


w0(X,  s)  f i 

• — J4  LX(X,  s,  S',  ♦')€«•  - [1  - w0(X,  s)]L*(X,  T)r 


(19) 


2.3  THE  FORMAL  SOLUTION 

In  this  section,  we  consider  the  formal  oolution  of  the  time -independent  integro- 
differentlal  equation  of  radiative-transfer  Eq.  (15).  This  can  be  written  for  some  path  s: 

. dL.  (4*»(X,  s)  r 

i^-y-ar  + H(X*  B’  6 • = 4a~ J4  P(x-  8’  9’  e'»  *’>LX(X>  s,  e\  ♦’)<«’ 

-[1  -u>0(X,  s)]L^(X,  T)  (20) 


for  which  the  solution  is: 


L^X,  s,  3,  <t>)  - L^fX,  Sq,  Of  f)  exp 


-f  k’(X,  s')ds' 
Jr. 


£{\<X’  s')k'(X,  s')  /p(X,  s’,  0,  9\  *’)LX(X,  s’,  O',  *')<&' 


exp 


exp 


- f8k’(X,  s'Tds"  ds'  + f*  [1  - w0(x,  s '] L^(X,  T) 


fBk’(X,  s") do” 
Js’ 


k’(X,  s’)ds' 


(21) 


where  s is  a general  point  along  the  path  and  Sq  is  a boundary.  Formally,  then,  Eq.  (21)  is 
the  solution  to  the  integrodlfferentlal  equation  of  radiative-transfer.  The  first  term  on  the 
right  side  of  Eq.  (21)  represents  the  attenuation  of  the  boundary  radiance  L^iX,  s^,  9,  $).  The 
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second  term  represents  the  contribution  of  all  scattered  radiation  along  the  path  and  the  last 
term  represents  the  thermal  radiance  along  the  path. 

For  most  practical  applications  of  radiative-transfer  theory,  one  can  consider  the  earth's 
atmosphere  to  be  a plane-parallel  medium  especially  for  multiple  scattering  in  which  compli- 
cations multiply,  otherwise.  Problems  in  scattering  in  which  the  earth's  curvature  is  taken 
into  account  are  those  for  which  the  radiance  is  to  be  determined  at  extreme  altitudes  or  for 
conditions  of  large  solar  zenith  angles.  For  this  discussion,  however,  we  shall  determine 
the  formal  solution  for  a plane -parallel  atmosphere. 

Consider  solar  radiation  entering  the  atmosphere  at  zenith  angle  cos"1  pQj  and 
azimuthal  angle  ^ as  Indicated  in  Figure  2.  Since  all  quantities  have  spectral  dependence, 
we  can  drop  the  explicit  dependence  on  wavelength  and  write  Eq.  (15)  as 

+ ?ay + “It  = "k’(x*  y>  z)L(x>  y*  z>  * ♦> 

kl(x,  y.  z)  f 2ir  rl 

* ■ - J J ^p(x,  y,  z;  p,  *,  p',  *’)L(x,  y,  z,  p',  *')dp'd*' 

♦ k^(x,  y,  z)L*(T(x,  y,  z))  (22) 


where  p = cos  6 
p'  = cos  O' 

K = Bin  O cos 
? = sin  0 sin  $ 

To  solve  Eq.  (22)  is  very  difficult  in  general,  especially  if  one  considers  horizontally  Inhomo- 
geneous atmospheres  with  inhomogeneous  boundaries.  In  this  discussion,  we  shall  consider 
one -dimensional  atmospheres,  l.e.,  those  which  possess  horizontal  homogeneity,  and  for 
which: 

3L  _ 3jL_  0 
0x  " 0y 

k;(s)  . *;(z)  « k'(z)fl  -w0(z)J 

k^(s)  = k;(z)  = k’(z)w0(z)  (25) 

k’(s)  = k'(z)  (26) 

Defining  the  dimensionless  quantity  optical  depth  as 

da  e -k’(z)dzorq=  f -k'(z)dz  (27) 

Jh 


(23) 

(24) 
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we  get  for  an  equivalent  form  of  Eq.  (15): 


= L(q,  p,  <t>)  - 


u»fl(q)  /*2tt  /-l 

TTj  j ^p(q;  Mi  <t>,  m'i  $')T-4q,  m’i  - [1  -o>0(q)]L  (q) 


(28) 


Thus,  Eq.  (28)  is  an  lntegrodlfferential  equation  which  is  used  to  describe!  the  spectral  radi- 
ance in  a vertically  inhomogeneous,  multiply  scattering,  isotropic  atmosphere  In  which  con- 
ditions of  local  thermodynamic  equilibrium  are  assumed  to  hold. 

We  now  consider  the  solar  radiation  Incident  upon  earth's  atmosphere.  The  angular  size 
of  the  sun  is  about  30  minutes  of  arc  but  for  practical  purposes  we  shall  assume  that  the  sun 
is  a point  source.  Hence,  we  can  write  for  the  solar  radiance  at  any  point  within  the 
atmosphere 

Ljjfq,  M»  0)  = EH(q)6(p  + Pq)«(0  - $Q)  (29) 

where  EH(q)  is  the  solar  spectral  irradlance  on  a flat  surface  normal  to  the  direction  of  in- 
cidence. The  extraterrestrial  value  of  the  solar  spectral  irradlance  EQ  has  been  determined 
by  a number  of  investigators  [33] . Most  of  the  work  over  the  past  half  century  has  been  in 
the  form  of  ground-based  measurements  with  extrapolations  through  the  atmosphere  to  deter- 
mine the  extraterrestrial  value.  More  recently,  high-altitude  balloons,  aircraft,  and  space- 
craft [34]  have  been  used  in  order  to  eliminate  the  uncertainties  due  to  the  atmosphere. 

The  NASA  Standard  Extraterrestrial  Solar  Spectrum  is  now  available  in  punched  card  form 
from  the  Goddard  Space  Flight  Center  [35] . It  should  be  noted  that  99  percent  of  the  solar 
energy  is  in  the  range  0.276  pm  to  4.96  pm,  and  99.9  percent  of  the  solar  energy  is  In  the 

range  0.217  pm  to  10.97  pm.  The  solar  constant,  which  is  the  solar  spectrum  integrated 

o 

over  wavelength  has  a value  of  135.30  raW/cm  at  a distance  of  one  astronomical  unit.  The 

2 

total  annual  variation  is  about  6 percent,  from  a high  of  139.9  mW/cm  at  perihelion  to  a low 
o 

of  130.9  mW/cm  at  aphelion. 

It  is  convenient  to  separate  the  direct  Bolar  radiation  field  from  the  diffuse  radiation 
field  in  analytical  siudies.  Thus,  we  can  write  the  total  spectral  radiance  as 

Uq,  M,  *)  = Ljjfa,  M.  *)  ♦ LD(q,  p,  (30) 


33.  S.  T.  Henderson,  Daylight  and  Us  Spectrum,  American  Elaevier  Publishing  Company, 
Hew  York,  1370,  pp.  72-73. 

34.  J.  C.  Arvesen,  R.  N.  Griffin,  Jr.  and  B.  D.  Pearson,  Jr.,  "Determination  of  Extrater- 
restrial Solar  Spectral  Irradlance  from  a Research  Aircraft,"  Appl.  Optics,  Vol.  8, 
No.  11,  1969. 

35.  M.  P.  Thekackara,  Proposed  Standard  Values  of  the  Solar  Constant  and  the  Solar 
Spectrum,  J.  Environ.  Scl.,  Vol.  13,  No.  4,  September -October  1970,  pp.  6-9. 
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in  which  L^q,  $)  represents  the  direct  solar  radiance  as  given  by  Eq.  (29)  and  LD(q,  4,  <}>) 
is  the  diffuse  radiance.  After  substituting  Eq.  (30)  into  Eq.  (28)  we  get 


dLr)  f 2 r1  • 

Ljjiq.  M»  *)  - — J P*  <t>>  fA  *')LD(q,  m’»  *')dM' 


d </>' 


«n(q) 


- -47-EH(q)p(q;  p.  t,  -Pq.  *0)  - d -«0(q>]i*(q) 


where 


EH(q)  - En  e 


-q/Ho 


(31) 


(32) 


No  exact  solution  of  Eq.  (31)  has  been  found  for  a general  scattering  law.  We  can,  however, 
convert  the  integrodlfferential  equation  of  radiative -transfer  into  an  integral  equation.  Thus, 
for  the  upwelling  and  downwelling  radiances,  respectively, 

-(q0-q)/p 

Ljj(q,  r.  $)  = L(q0,  n,  <t>)  e 

+ '?F^J'0  | 1Iq°p(q’;  *•  p'»  e~(q  Ljjta’t  p\  *')dq*d4W 

Eq  /.qQ  -(1/pQ+l/filq’ 

♦ - Wgfq'JpCq’;  P*  0,  -Rq»  *q)  e dq* 


and 


+ £ PV  - wo(q  )]  L*(q,)  e^q  -q)/pdq'  0 < M s 1 

LjjCq,  -P.  ♦)  = L(0,  -4,  *)  e-^^ 

♦ -m  ♦,  ♦’)  e~(q_q  )/p  Lptq’,  4-,  *’)dq 

E0  rq  -(l/pu-l/4)q’ 

+ — iFiI~J0wo(q,,p(q,;  * • V V e dq’ 

♦ i JV  - w0(q’)]  L*(q’)  e'^^’^dq’  0 < 4 s 1 


(33) 


’dn'd<y 


(34) 
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where 


«0 


roo 

-k'(z)dz  is 
J0 


the  optical  thickness  of  the  atmosphere.  Equation  (33)  describes  the 


upwelllng  diffuse  spectral  radiance  at  some  optical  depth  q in  an  inhomogeneous  atmosphere, 
whereas  Eq.  (34)  describes  the  downwelling  diffuse  spectral  radiance.  For  homogeneous  at- 
mospheres, the  single-scattering  albedo  uigtq)  and  the  single -scattering  phase  function  are 
Independent  of  the  optical  depth  q.  In  this  case,  some  of  the  Integrals  can  be  evaluated  and 
we  obtain 

-(qQ-q)/#! 

Lpfq,  p,  <t>)  = Uq^,  4.  <t>)  e 

*,  4*.  «“(Q,‘q>/'1  Ljjfq \ 4’,  ♦,)dq'd4,d*’ 


f2ir  rl 

4?4. 


to,o/joEop|>1'  *'  ~v  V 

4 ir(4  + 4g) 


V4q  -v^  -(qo-q)/4 


+ — ^ f**0  e-(q’*q,/p  L*(q')  dq’  0 < 4 < 1 


(35) 


and 


Lpfq,  -4,  0)  = L(0,  -4,  0)  e 
r2rrl 


-q/4 


| ^p(*4»  dt  4'.  «')JQ  e~^q-q  L^q',  p'»  4‘,)dq'd4,d0* 


w0,J0E0p('p'  01  "V  0O) 


'■ V4  _Vm0 


4 <1(4  - 4q) 

♦ — e_(q*q  1 L*(q'Jdq'  0<4*1;4^ 


(36) 


Ljj(q,  ~4qi  0)  = L(0,  -Pq,  0)  e 


f2»fl 


ni  rq  -(q-q'i/pn 

^p(4qi  4*.  *’)J  e L^q’.  4’.  ^’Jdq’dp'd^’ 


4 ff, 


^0 


wo^Eop<-<V  »»  V a V40  ^ 1 -«0  fq  _-(q-qV4o  t 

4np0  jPp” 


-^-e  °4  ---  --  [ e u L*(q’)<fq’ 

T)  *'0 
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2.4  BOUNDARY  CONDITIONS 

In  principle  one  should  be  able  to  find  a complete  solution  to  the  radiation-transfer  equa- 
tion provided  the  boundary  conditions  L{qfl,  p,  <t>)  at  the  bottom  surface,  and  1,(0,  -p,  <£),  at  the 
top  of  the  atmosphere,  are  specified.  If  the  cun  Is  the  only  source  of  radiation  external  to  the 
atmosphere  then  the  diffuse  radiation  entering  the  atmosphere  is  zero  (l.e.,  L(0,  -p,  <t>)  = 0). 
The  conditions  involving  the  bottom  surface,  considered  to  be  opaque,  are  mere  complicated. 
In  order  to  deal  with  the  surface  one  must  consider  the  so-called  bi-directional  spectral  re- 
flectance and  the  directional  spectral  emittance.  Let  us  consider  a surface  element  dA  with 
its  normal  in  the  z-directlon  as  illustrated  in  Figure  3.  The  differential  area  dA  is  at  point 
P(x,  y,  z),  with  z = 0.  The  incident  radiance  is  denoted  by  L(x,  y,  z = 0,  p',  <t>')  and  the  ele- 
mental reflected  radiance  dL(x,  y,  0,  p,  $).  The  amount  of  radiant  power  incident  on  the  sur- 
face element  per  unit  area  is  L(x,  y,  0,  -p’,  <4’)p'  da'.  We  then  define  a bi-directional  reflec- 
tance function  as 


f(x,  y,  0,  p',  p,  <t> ) 


dL(x,  y,  0,  p,  <») 
L(x,  y,  0,  -p’, 


(38) 


Helmholtz  [36]  showed  that  certain  reciprocity  relations  exist  for  the  bi-directional  reflec- 
tance function,  i.e., 

f (x,  y,  0,  p\  p,  *)  = f(x,  y,  0,  p,  4>,  p',  </>')  (39) 

The  reflection  properties  of  a surface  are  completely  determined  by  specifying  the  bi- 
directional reflectance  function  for  all  ..gles  In  hemispherical  space  and  for  all  points  (x,  y) 
on  the  surface  for  a given  wavelength,  oi  wavelength  region,  and  polarization  state.  Most  of 
the  determinations  must  be  done  experimentally  [37],  [38],  and  for  that  reason  the  data  to  be 
collected  are  quite  voluminous.  Hence,  it  is  convenient  to  deal  with  directional  reflectances, 
l.e.,  those  reflectances  which  depend  upon  only  one  solid  angle  instead  of  two  as  In  the  bi- 
directional reflectance.  For  a more  complete  treatment  of  reflectance  definitions,  one  should 
consult  Me  Nicholas  [39] , Dunkle  [40] , and  Siegel  and  Howell  [41]. 


38.  H,  L.  Helmholtz,  Physiological.  Optics,  3rd  Ed.,  1909. 

37.  Target  Signature  Analysis  Center,  Data  Compilation,  Eleventh  Supplement:  Vot.  I, 
Bidirectional  Reflectances;  Definition,  Discussion  and  Utilization,  and  Vol.  It:  Bidirec- 
tional Reflectance;  Graphic  Data,  Report  No.  AFAL-TR-72-266,  TSAC,  Willow  Ran 
Laboratories  of  the  Institute  Science  and  Technology,  University  of  Michigan,  Ann 
Arbor,  1972. 

38.  D.  Carraer,  Target  Signature  Analysis  Center:  Data  Compilation,  7th  Supplement,  Infra- 
red b Optical  Sensor  Laboratory,  Willow  Run  Laboratories  of  the  Institute  of  Science 
and  Technology,  University  of  Michigan,  Ann  Arbor,  1969. 

39.  H.  J.  McNIcholas,  "Absolute  Methods  of  Reflectometry,”  J.  Res.  Natl.  Bur.  Std.,  Vol.  1, 
1928,  pp.  29-72. 
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In  many  studies  of  radiative-transfer  one  makes  use  of  the  concept  of  Lambertian  sur- 
face, l.e.,  a surface  which  is  perfectly  diffuse.  Consider  the  radiance  reflected  from  a gen- 
eral surface.  From  Eq.  (38)  we  get 


L(x,  y,  0,  p,  0)  = f f f(x,  y,  0,  p,  0,  p’,  0’)L(x,  y,  0, 
3 0 J0 


-p\  0')  X dp'  d0' 


(40) 


If  the  bidirectional  reflectance  is  independent  of  angles,  then  Eq.  (40)  becomes 

L(x,  y,  0,  p,  <f>)  = f(x,  y,  0)  f f L(x,  y,  0,  -X,  0')p'dp'd0'  «1) 

J0  J0 


But,  by  definition  the  integral  i«  just  the  irradlance  E(x,  y,  0)  on  the  surface.  Thus, 

L(x,  y,  0 , p,  0)  = f(x,  y,  0)E(x,  y,  0)  * (42) 

If  we  now  integrate  this  result  over  the  hemisphere,  we  get  a quantity  called  radiant  exitance, 
caused  by  reflection  from  the  surface: 

r2ir  rl 


M(x,  y,  0)  a ( f L(x,  y,  0,  p,  0)pdpd0 
3 0 J0 


. <-*■ 


= p(x,  y,  0)E(x,  y,  0) 


where  p(x,  y,  d) 


f(x,  y,  O)pdpd0 


= vf(x,  y,  0) 


(44) 


The  albedo  of  the  surface  can  be  defined  as  the  ratio  of  this  exitance  to  the  irradiance,  l.e., 
p(x,  y,  0)  * M(x,  y,  0)/E(x,  y,  0)  (45) 

Therefore,  for  a Lambertian  surface,  the  reflected  radiation  Is  given  by: 

L(x,  y,  C)  = y,  0)  (46) 

The  total  radiance  from  the  surface  is  the  resultant  of  the  reflected  radiation  as  developed  in 
the  preceding  equation,  and  the  emitted  radiation. 


40.  R.  V.  Dunkle,  Spectral  Reflectance  Measurement*,  Surface  Effects  on  Spacecraft 
Materials.  J.  Clause  (ed.),  John  Wiley  & Sons,  N.  Y.,  1960. 

41.  R.  Siegel  and  J.  R.  Howell,  Thermal  Radiation  Heat  Transfer,  New  York,  McGraw-Hill, 
N.  Y.,  1972. 
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Summarizing,  we  can  now  write  down  the  general  boundary  conditions  for  the  transfer  of 
radiant  energy  through  a plane -parallel,  vertically  Inhomogeneous,  Isotropic,  atmosphere 
Illuminated  by  a point  source  infinitely  fa.  awa y. 

L(0,  -p,  *)  = 0 (47) 

rZn  rl 


Uq^  P,  <t>)  = LGE(q 0,  p,  <t>)  ♦ 0 f(p,  <t>,  -p',  4’)L(qQ,  -p\  $')  p’dp’d^' 


(48) 


where  LGE  Is  the  emitted  radiation  from  the  surface,  f is  explained  above,  and  L((Jq,  -p\  ♦’) 
is  the  total  (solar  plus  diffuse)  radiance  at  the  surface.  Using  the  relation  (Eq.  38)  for  the 
solar  radiance  we  get 

-VV 


L(q0,  P,  0)  = LGE(V  *)  + tfo  e *0*.  V 

*2ir  rl 

1 

'0  •'0 


• j"  J f(p,  *,  -p’,  tf’)!^^,  -p’,  <y)  v' dn' d<y 


(49) 


Therefore,  the  radiances  L^qg,  /a,  <t>)  and  L(qg,  -p,  4>)  are  related  by  the  boundary  condition. 

It  should  be  noted  that  Eq.  (49)  represents  the  surface  radiance,  which,  In  turn  depends  upon 
the  atmosphere.  One  can  also  define  an  intrinsic  surface  radiance  which  Is  independent  of  the 
atmosphere.  If,  In  Eq.  (49)  we  let  the  optical  thickness  q«  be  zero,  then  we  have  no  atmosphere 
and  the  intrinsic  radiance  is 


Lj(p»  *)  = Lge(p,  + HqEqKp,  <t>,  Vq,  *q) 

V*v 


(50) 


Denoting  the  quantity  e by  7q,  the  atmospheric  transmittance,  we  have  for  the  surface 

radiance  Lfq^,  p,  <t>) 

UqQ,  P,  *)  = Lj(p,  <t>)  - PgEgd  ' V 


00  f(p,  4>,  -p’,  ♦’)LD(q0,  -p’,  *’)ti'dp'd*’ 


(51) 


2.5  RADIATION  COMPONENTS 

It  Is  sometimes  helpful  to  define  the  individual  components  of  the  radiation  field.  Con- 
sider a plane -parallel  Inhomogeneous  atmosphere  bounded  by  a flat,  uniform  non -Lambertian 
surface  at  temperature,  T,  a side  view  of  which  is  shown  In  Figure  4.  The  (upwelling)  radi- 
ances for  a downward  looking  observer  are  denoted  by  the  numbers  1-6  and  the  (downwelllng) 
radiances  for  an  upward  looking  observer  are  denoted  by  numbers  7-10.  The  first  comjionent 
Is  the  surface  radiance  arising  from  the  intrinsic  emlttance  of  the  surfr.ee.  It  is  given  by 


49 


Jm 

mamI 


COWMt  HLV  WILLOW  *UN  L ABORATORit  S.  T.«C  ON’V E R1»fTY  OF  MICHIGAN 


LGE(V  = «)L*(T) 


(52) 


where  « (p,  <fi)  Is  the  directional  surface  emissivity.  The  second  component  Is  that  due  to  the 
solar  attenuated  beam  having  been  reflected  at  the  surface.  It  is 


-q^/p^ 

LGH(q0’  * = ^0E0  e f(^  *■  Mq-  V 


(53) 


The  third  component  Is  the  radiance  at  the  surface  due  to  diffusely  scattered  radiant  energy 
having  been  reflected.  It  is 


LGS*V  ^ = |0  j0f^»  'tx<>  ^^(fy  ‘p'*  m’,  d/a’ 


d<f>’ 


(54) 


The  sum  of  these  three  components  is  called  the  surface  or  ground  radiance,  l.e., 

LG*V  ^ ^ = LGE^qO’  ^ + LGH*V  ^ ^ + LCS%’  p’  ^ (55) 

A component  not  illustrated  in  the  figure  is  the  ground  radiance  after  having  been  attenuated 
over  a path  from  the  ground  to  the  point  at  some  optical  depth  q.  It  is  the  beam  radiance  and 
Is  given  by 


LgfqQ.  p,  </>)  = Lc(q0,  p,  <>)  e 


-<VqVp 


(56) 


where  p Is  the  cosine  of  the  nadir  angle.  Note  that  this  is  the  same  as  the  first  term  on  the 
right  hand  side  of  Eq.  (33),  The  fourth  component  is  the  singly  scattered  solar  radiance  and  is 


w0tq’) 

L-riSS^’’  ^ = -4^EH'q’)p(q’:  *•  *V  V 


(57) 


whereas  its  integrated  value  over  the  path  is  called  the  singly -scattered  path  radiance  and  is 

given  by 


/ , Eoe  -U/pQ+l/pJq' 

LPSS(q>  M’  +’  = ~4iT  w0(q,)p(q’:  * "V  'V e dq' 

Jq 

which,  for  a homogeneous  atmosphere  becomes 

Vpo  •(qo"q)/'1 


(58) 


. , ,x  w0P0E0p(,t’  +’  -,i0'  V 

LPSS(q’  = 4ir(p  + p0) 


(53) 


The  fifth  component  is  the  radiance  along  a path  for  which  radiant  energy  is  being  emitted  by 
the  atmosphere  in  local  thermodynamic  equilibrium.  It  I3 
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L (q,  4,  *)  = J \%[l  - «0(q')]  L*(q'>  dq' 

which,  for  a homogeneous  atmosphere  becomes 

t.  <„  ..  ^ = L*(q’)dq' 


LpE(q,  4,  *)  = — 


The  sixth  component  is  the  radiance  along  a path  resulting  from  multiply  scattered  radiation. 
It  is  given  by 


u0(q)r2nrl  rcu 

LPMS(q,  4,  ^)  = -4^rJo  J p(q’;  m,  ♦,  n',  *' 


) e"(q’'q)/,/  LD(q’,  4’,  «’)dq’dM’d^ 


which  becomes 


LpMS(q,  4,  *)  = ^ Jq7  P(»,  *,  4*»  t')j^°e~(q'~q)/M  L^q’,  4*,  *’)dq’ dM’ d»’  (63) 

for  a homogeneous  atmosphere. 

The  sum  of  the  last  threo  components  is  called  path  radiance,  l.e., 

Lp(q,  4,  $)  = Lpss(q,  4,  <t>)  + LpE(q,  4,  p)  + LpMg(q.  4»  <t>)  (64) 

Therefore,  we  can  write  for  the  total  upweiling  radiance  the  general  relation 


Ljjp(q,  4.  <t>)  ■■  L^q^,  4,  q,  q^  4)  + Lp(q,  4,  *) 


where 


iqQ-q)/^ 


7<q»  %>  4)  = e ^ (66) 

is  the  transmittance. 

We  can  now  consider  the  same  relations  for  the  radiation  observed  by  an  upward  looking 
observer.  The  seventh  component  is  the  direct  solar  attenuated  beam  given  by 

L^q,  -4,  *>  = EH(q)<5(4  - 40>0(«  - *Q)  (67) 

The  eighth  component  is  the  singly -scattered  solar  radiance,  l.e., 

E^^rq  -U^-W 

Ljjsstq.  -4,  *)  = — Jowo<q,)p(q’:  *•  *^0’  V e dq'  <68) 

which  for  homogeneous  atmospheres  becomes 
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W“--^)  = irxxr — |e  -e 


(69) 


The  ninth  component  is  the  radiance  along  a path  due  to  emission  by  the  atmosphere.  It  is 

•P 

>0 

which,  for  homogeneous  atmospheres  is 


lpe(<j.  ^ = pj  f1 ' ^0(q,)JL*(q,)  e'*q_q  ''  ,Jd(T 


(70) 


LpE<q.  ^ 


fq  .-<q-«l')/n  T.Vo-ldn* 

•'o 


L*(q’)  dq' 


(71) 


Finally,  the  tenth  component  is  the  downward  radiance  due  to  multiply  scattered  radiation. 

It  is 

w (q)  r 2 ir  rl  rq  , , 

LPMS(q’  ^ = "4ff]rJ  J J p(q’’  M LD^q,»  p'»  ^') dq'dM’ d^’ 

0 0 v (72) 

which  becomes 


LPMS(q*  ♦>  = SiT I0  7 Pt*"*  **’.  ♦’>J0  e_(q-q')/p  L^q',  p\  *’)dq’d,i'd*’  (73) 

for  a homogeneous  atmosphere.  The  sum  of  the  last  three  components  gives  us  the  so-called 
sky,  or  downwelltng,  radiance. 

l^q,  -H,  <t>)  = LHSS(q.  “M,  *)  + LpEiq,  -M,  *)  ♦ LpMS(q,  -p,  *)  (74) 


/" 
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3 

METHODS  OF  CALCULATING  RADIATIVE -TRANSFER  FOR  SCATTERING 

3.1  INTRODUCTION 

Scattering  occurs  from  aerosols  as  well  as  from  molecules  in  the  atmosphere.  Compared 
to  aerosol  scattering,  molecular  scattering  Is  negligible  outside  of  the  visible  part  of  the  spec- 
trum. Significantly,  the  sun's  emission  spectrun  peaks  in  the  center  of  the  visible  region. 
Thus,  scattering  by  molecules  can  be  considered  confined  mainly  to  the  visible  region,  the 
sun  being  the  chief  emitter  of  radiation  scattered  from  molecules,  since  the  peak  of  the  atmo- 
spheric radiation,  emitted  mainly  by  molecules,  occurs  beyond  10  pm.  On  the  other  hand, 
scattering  by  aerosols,  depending  on  their  sizes,  is  less  strongly  dependent  on  wavelength 
and,  In  cases  of  heavy  haze,  can  be  effective  in  both  the  visible  and  infrared  regions.  In  this 
report,  we  shall  be  concerned  mostly  with  aerosols  of  the  sizes  consistent  with  so-called 
clear-sky  or  near-clear-sky  condition. , so  that  aerosol  scattering  in  the  long  wavelength  in- 
frared region  can  usually  be  neglected.  In  the  region  of  overlap  between  tb  visible  and  infra- 
red parts  of  the  spectrum,  or  in  the  long  wavelength  regions  tor  cases  when  aerosol  scattering 
is  not  Insignificant,  we  shall  consider  the  mathematical  representations  of  scattering  and 
molecular  absorption  to  be  completely  separable. 

In  this  section,  we  shall  consider  only  the  effects  of  scattering  by  gases,  and  scattering 
and  absorption  by  aerosols,  in  the  spectral  region  0.3  <A  < 2 pm.  All  methods  described  are 
not  given  equal  space,  especially  if  they  have  adequate  exposure  in  the  external  literature. 

The  Turner  method,  for  example,  is  given  large  coverage  because  its  description  is  found 
only  in  the  reporting  of  contract  work. 

3.2  EXACT  SOLUTIONS 

The  origins  of  modern  radiative -transfer  theory  can  be  traced  to  the  classic  works  of 
Chandrasekhar  [42]  and  Ambartsumian  [43]  in  which  they  developed  the  fundamental  mathe- 
matics for  the  analysis  of  radiation  in  plane -parallel  atmospheres.  Although  the  original 
work  related  primarily  to  astrophysical  problems,  further  advances  in  the  theory  during  the 
last  thirty  years  have  led  to  computational  methods  which  are  employed  to  solve  many  prob- 
lems in  atmospheric  physics  and  neutron  transport  theory. 

The  mathematical  complexities  of  radiative-transfer  theory  present  major  difficulties 
to  investigators  who  want  to  model  the  natural  or  artificial  radiation  field  in  a scattering 
medium.  The  problem  in  the  determination  of  the  radiation  field  is  basically  due  to:  (1)  the 


42.  S.  Chandrasekhar,  Radiative  Transfer,  Oxford  University  Press,  1950. 

43.  V.  A.  Ambartsumian,  "Diffuse  Reflection  of  Light  by  a Foggy  Medium,"  Comnt.  rend. 
(Doklady)  Acad.  Scl.,  USSR,  Vol.  38,  1943,  p.  229. 
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uncertainty  in  the  knowledge  of  the  physical  state  of  the  medium  as  a result  of  one's  Inability 
to  measure  enough  state  parameters,  and  (2)  the  complexity  of  the  mathematical  analysis  or 
the  length  of  computer  time  needed  to  obtain  significant  results.  It  is  the  latter  of  the  two 
problems  to  which  we  will  address  ourselves  in  this  section. 

It  Is  somewhat  difficult  to  define  an  exact  solution  to  radiative -transfer  problems.  One 
can  have  an  exact  mathematical  solution  to  an  equation  or  system  of  equations  which  In  turn 
approximates  the  real  physical  medium.  We  6hall  mean  by  exact,  those  solutions  for  which 
there  are  no  approximations  in  ♦he  basic  mathematical  formulations  of  the  radiative-transfer 
equation  for  ideal  atmospheres.  Chandrasekhar  was  able  to  derive  a set  of  nonlinear  equa- 
tions which  could  be  solved  to  determine  the  radiation  field  for  a homogeneous  plane -parallel 
atmosphere  which  Is  Illuminated  by  solar  radiation.  He  also  considered  polarization.  Re- 
sults based  on  his  analysis  for  the  case  of  a pure  Rayleigh  atmosphere  are  given  by  Coulson, 
et  al.  [44].  The  computations  are  very  laborious  and  are  limited  to  small  optical  thicknesses 
and  to  the  radiant  energy  emerging  from  the  top  and  bottom  of  the  atmosphere.  Later,  an  ex- 
tended mathematical  6tudy  by  Busbrldge  [45,  46],  Mullikin  [47  , 48  , 49  , 50],  and  Sekera  [51] 
showed  that  one  can  also  use  the  nonlinear  equations  to  determine  the  radiation  field  within 
the  atmosphere  and  for  very  large  as  well  as  small  optical  thicknesses.  The  solutions  are 
exact  for  any  optical  thickness.  For  the  case  of  Inhomogeneous  atmospheres  as  given  by 
Eq.  (31)  the  analysis  is  less  well  developed.  Only  In  recent  years  have  investigators  made 


44.  K.  L.  Coulson,  J.  V.  Dave  and  Z.  Sekera,  Tables  Related  to  Radiation  Emerging  from  a 
Planetary  Atmosphere  with  Rayleigh  Scattering,  llr.1 verslty  of  California  Press, 
Berkeley,  1960. 

45.  I.  W.  Busbrldge,  Astrophys.  J.,  Vol.  112,  1955,  p.  327. 

46.  t.  W.  Busbrldge,  The  Mathematics  of  Radiative  Transfer,  Cambridge  University  Press, 
1960. 

47.  T.  W.  Mullikin,  "Radiative  Transfer  In  Finite  Homogeneous  Atmospheres  with  Aniso- 
tropic Scattering,  fl:  The  Uniqueness  Problem  for  Chandrasekhar's  and  +(  Equa- 
tions," Astrophys.  J.,  Vol.  139,  No.  4,  1964(a). 

48.  T.  W.  Maillkln,  "Radlatlvs  Transfer  In  Finite  Homogeneous  Atmoept.  ‘res  with  Anlso- 
trop'a  Scattering,  I:  Linear  Singular  Equations,"  Astrophys.  J.,  Vol.  139,  No.  1, 
1644(b). 

4P.  T.  W.  Mullikin,  "Chandrasekhar's  X and  Y Equations,”  Trans,  of  the  Amer.  Math.  Soc., 
Vol.  113,  No.  2,  1964(c). 

50.  T.  W.  Mullikin,  "The  Complete  Rayleigh-Scattered  Field  Within  t Homogeneous  Plans 
Parallel  Atmosphere,"  Astrophys.  J.,  Vol.  145,  No.  3,  1966. 

51.  Z.  Sekera,  Reduction  of  Equations  of  Radiative  Transfer  in  a Planetary  Plans -Parallel 
Atmojphere,  RM-4951-PR  and  RM-5056-PR,  The  RAND  Corporation,  Santa  Monica, 
Calif.,  1966. 
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progress  on  an  exact  solution  for  inhomogeneous  atmospheres  [52  , 53  , 54].  It  should  be 
pointed  out,  he  vever,  that  this  is  a special  form  of  inhomogenelty  for  which  exact  analytic 
solutions  are  possible;  it  does  not  necessarily  corresoond  to  realistic  atmospheric  Inhomo- 
geneitles. 

A powerful  mathematical  method  which  has  been  used  in  recent  years  to  find  a rigorous 
solution  to  the  radiative-transfer  equation  is  the  Normal-Mode  Expansion  Technique  devel- 
oped by  Case  [55,  56] . It  is  basically  an  attempt  to  formulate  a solution  to  the  linear  transport 
equation  by  using  singular  eigenfunctions,  the  unknown  expansion  coefficients  of  which  are 
determined  by  constraining  the  solution  to  fit  the  boundary  conditions.  In  this  way,  it  is  sim- 
ilar to  the  classical  methods  of  solving  partial  differential  equations  in  mathematical  physics. 
Some  of  the  advantages  of  this  method  are:  (1)  it  allows  one  to  understand  the  nature  of  the 
solutions,  and  (?)  the  method  can  easily  be  adapted  to  approximation  procedures.  This  method, 
as  well  as  others,  allows  one  to  consider  the  case  when  wQ(r)  > 1,  i.e.,  a multiplication  of  the 
particles.  It  is  beyond  the  scope  of  this  report  to  go  into  the  mathematical  details  of  this 
method  but  the  essential  ideas  can  be  found  in  Refs.  [57  , 58,  59,  60,  61  and  62] . 


52.  Z.  Sekera,  RAND  Publication  R-413-PR,  RAND  Corporation,  Santa  Monica,  Calif., 

1963. 

53.  J.  W.  Chamberlain  and  M.  B.  McElroy,  Astrophys.  J.,  Vol.  14v,  1988,  p.  1148. 

54.  A.  L.  Fymet  and  K.  D.  Abhyankar,  "Theory  of  Radiative  Transfer  In  Inhomogeneous 
Atmoepheres,  I.  Perturbation  Method,"  Astrophys.  J.,  No.  158,  1989. 

55.  K.  M.  Case,  "Elementary  Solutions  of  the  Transport  Equation  and  Their  Applications," 
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N.  Y.,  1987. 
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tropic Scattering,"  J.  Math.  Phys.,  Vol.  6,  1965,  pp.  1939-1945. 
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Theory,  Vol.  I,  R.  Bellman,  G.  Blrkhoft  and  1.  Abu-Shumays  (eds.),  Proceedings  of  a 
Symposium  in  Applied  Mathematics  of  the  American  Mathematical  Society  and  the 
Society  for  Industrial  and  Applied  Mathematics,  Providence,  R.J.,  1969. 
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Wiley  6 Sons,  N.  Y.,  1939. 
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Although  the  number  of  physical  problems  which  can  be  solved  by  exact  methods  Is  quite 
limited,  these  techniques  allow  one  to  understand  the  physical  principles  and  also  serve  as 
standards  against  which  the  approximate  methods  can  be  compared.  We  shall  now  consider 
the  more  practical  computation  models  which  are  used  to  calculate  the  radiation  field  In 
Earth's  atmosphere. 


3.3  ADAPTATIONS  TO  EXACT  SOLUTIONS 
3.3.1  ITERATIVE  METHOD 

Let  us  write  the  equation  for  total  radiance  in  a homogeneous  atmosphere  in  short  wave- 
length spectral  regions  for  which  thermal  emission  is  considered  negligible  (or  separable) 
Inasmuch  as  in  this  section  we  shall  be  interested  only  in  diffuse  radiation,  we  shall,  for  the 
sake  of  simplicity,  Ignore  the  subscript,  D,  and  assert  in  what  follows  that  L = L^. 


L(q,  4,  *)  - U%,  4.  *)  e ^ J\(q\  4,  *,  4*.  *')  e*(q'*q)/fl 


x L(q',  4'.  ♦’)dq'd4,d*' 


(75) 


or,  in  a more  general  form  as 
L(q)  = L(q0)r + u>0HL(q) 


(76) 


-(qo-q)/*1 

where  t = e and  the  operator  H is  defined  by 


HL(q)  = 4^1^ j11|q°P(q’’  e*(q,'q)/ML(q\  n\  *')dq'd4'd*' 


Equation  (76)  can  formally  be  written  as 
(I  -u-0H)L(q)  . Uq^r 


(77) 


(78) 


and  the  solution  is 

L(q)  - (1  - (79) 

where  (I  - u^H)"1  denotes  the  Inverse  operator  and  I is  a unit  operator.  Thus, 

L(q)  = (i  ♦ u>0H  ♦ u>qH2  ♦ . . . ♦ wjHnjL(q0)r  (80) 

= L(qg)T  + u>0HL(q<j)r  a’2H2L(qg)T  ♦ . . . + w^HnL(q0)r  (81) 

which  will  converge  to  the  exact  solution  as  n - * providing  certain  conditions  hold  true  for 
and  the  operator  H.  For  this  Neumann  series  to  converge 
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lwQl  < l/M^  -q)  (82) 

where  M Is  the  maximum  value  of  the  kernel  In  Integral  equation  (75).  Physically  the  first 
term  In  Eq.  (81)  Is  the  directly  attenuated  radiance,  the  second  term  Is  the  singly  scattered 
radiance,  and  so  on  up  to  the  n-th  term  which  represents  the  scattering  of  a photon  n times 
In  the  atmosphere.  It  can  be  seen  from  Eq.  (81)  that  If  the  single -scattering  albedo  wQ  is 
small,  l.e.,  If  there  le  little  scattering  or  much  absorption,  the  series  can  converge  rapidly 
and  only  a few  terms  will  provide  a reasonable  solution.  Irvine  [63,  64,  65]  has  applied  the 
Neumann  series  method  [66]  to  the  solution  of  radiative  transfer  problems,  and  Herman  and 
Browning  [67]  have  used  the  Gauss -Seidel  method  of  iteration  [68] . Some  results  of  Herman 
and  Browning's  method  are  illustrated  In  Figure  5,  with  polarization  included.  Here  they  cal- 
culated the  radiance  emerging  from  the  top  and  bottom  of  a homogeneous,  plane -parallel  at- 
mosphere with  Rayleigh  scattering  and  compared  the  results  with  those  of  Coulson,  et  al. 
[I960].  Herman  et  al.  [69]  extended  this  analysis  to  include  aerosol  scattering  in  more 
realistic  atmospheres.  Figure  6 Illustrates  typical  results  of  their  calculations  for  a fit  to 
experimental  data  on  optical  thickness  of  the  atmosphere  In  the  Tucson,  Arizona  area.  The 
normalized  radiance  is  shown  in  the  solar  plane  for  a solar  zenith  angle  of  -22. 5P.  The  quan- 
tlty  is  the  aerosol  optical  thickness  and  qT  is  the  total  (aerosol  plus  Rayleigh). 

It  should  be  understood  that  the  Iteration  technique  can  be  quite  time-consuming  on  a 
computer,  especially  If  large  optical  thicknesses  and  vertical  Inhomogeneity  is  considered, 
although  the  computer  time  can  be  drastically  cut  If  polarization  Is  neglected. 

3.3.2  SPHERICAL  HARMONICS  METHOD 

The  spherical  harmonics  method  has  been  used  for  quite  some  time  by  investigators  in 
neutron  transport  studies.  Here  we  consider  its  use  for  the  one -dimensional  radiative- 
transfer  problem.  The  basic  equation  for  homogeneous  atmosphere  Is: 


S3.  W.  M.  Irvine,  Astrophys.  J.,  Vol.  152,  1668,  p.  823. 

64.  W.  M.  Irvine,  "Multiple  Scattering  by  Large  Particles,  II:  Optically  Thick  Layers," 
Astrophys.  J.,  Vol.  152,  June  1688. 

65.  W.  M.  Irvine,  An  Evaluation  of  Romanova's  Method  in  the  Theory  of  Radiative  Transfer, 
in  The  Atmospheres  of  Venus  and  Mars,  J.  C.  Brandt  and  M.  B.  McELroy  (eds.),  Gordon 
and  Breach,  N.  Y.,  1868. 

66.  P.  B.  Hildebrand,  Methods  of  Applied  Mathematics,  Prentice-Hall,  N.  Y.,  1952. 

67.  B.  M.  Herman  and  S.  R.  Browning,  "A  Numerical  Solution  to  the  Equation  of  Radiative 
Transfer,"  J.  Atmos.  Set.,  Vol.  22,  No.  5,  1965,  pp.  559-566. 

68.  F.  B.  Hildebrand,  Int reduction  to  Numerical  Analysis,  McGraw-Hill,  N.  Y.,  1958. 

69.  B.  M.  Herman,  S.  R.  Browning  and  R.  J.  Curran,  "The  Effect  of  Atmospheric  Aerosols 
on  Scattered  Sunlight,"  J.  Atmos.  Scl.,  Vol.  28,  No,  3,  1971,  pp.  418-428. 
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M b 

(a)  Transmitted  (b)  Reflected 


FIGURE  5.  TRANSMITTED  AND  REFLECTED  TOTAL  INTENSITY,  PERCENT  POLARIZATION. 
The  solid  curves  are  from  Coulson,  et  al.  (I960)  while  the  encircled  points  are  from  the 
calculations  of  Herman  and  Browning  (1971).  (q  = 1.0;  p = 0.4;  $ = 0). 


_ qm  = 0.23  _ qm  = 0.07 

' qT  = 0.50  qT  = 0.34 

Pure  Rayleigh  (qR  = 0.27) 

• 6/15/67  q^,  = 0.35 
Tucson  nQ  = 0.9397 

• 6/8/67  qT  r 0.31 
Tucson  iiQ  = 0.9272 


FIGURE  6.  MEASURED  AND  THEORETICAL 
TRANSMITTED  INTENSITIES.  (Reproduced 
from  Herman,  Browning  and  Curran,  1965  ( 69  j .) 
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4g^  = L*q»  ^ ‘ 4^Jq  | 1P^>  *•  p'>  4%  *')dji’ 

w0  V40 

- 47P(M,  ♦,  -V  ♦„) Eq  e 


rt<*’ 


(83) 


The  basic  Idea  is  quite  simple;  we  merely  represent  the  scattering  phase  function  by  an  ex- 
pansion in  Legendre  polynomials,  P{,  l.e., 

N 


p(?)= 


A,P,(«) 


(84) 


1=0 


where  one  uses  the  orthogonality  property  of  the  polynomials  to  obtain  the  expansion  coeffi- 
cients A £,  l.e., 


< 2 J.j 


p(t)Pf(t)<U 


(85) 


In  actual  practice,  the  representation  of  a typical  atmospheric  haze  type  polydisperse  phase 
function  will  require  up  to  200  terms.  Using  the  additive  properties  of  the  spherical  harmonics 
we  get 


P<4>  <t> , 4’,  »')  = 

1=0 


P£(m)P((4’) 


2 i cos  m(*'  - « 


(86) 


w=l 


If  we  now  expand  the  radiance  in  a set  of  spherical  harmonics  as 
«j  N 

Uq,  4,  *)  = £AfnJ<q)P>)ccs 

m=0  C=m 

and  Insert  this  expression  into  Eq.  (83)  we  get  a system  of  differential  equations 

(f  - m)  ^t-l.m  . (I  + m + 1)  ^f+l.m 
(2TTTT  dq  (2f  e 3)  dq 

I,  “oM.  “0EhW<2  - 50m>‘W-1>m*<I,?<V 

"21  + 1 )Alm  45 


(87) 


(88) 


where 
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w t (I  - m): 

blm  ' AtfTTm)T 
with  the  conditions 


(89) 


(I  = m,  . . . , N;  OsmsN)  (90) 

Assuming  a solution  of  the  form 

W»  ' **’  <91> 

we  get  an  eigenvalue  problem.  Substituting  Eq.  (91)  into  Eq.  (88)  leads  to  the  matrix  equation 


(92) 


where  A is  a square  matrix  of  order  2r,  where  r is  the  number  of  terms  chosen,  and  X = 1/ € . 


(93) 


and  the  matrix  elements  are  given  by 
(I  + m)(2f  ♦ 1) 

am+l  ' (2 1 - l)(2f  +1  - w0Afy 

- l)(2f  + 1) 

' (2l~  3)(2f  +T-«0At) 


(94) 

(95) 


The  eigenvalues  are  found  by  taking  the  determinant  of  the  matrix  equation: 


det  (A  - XI)  = 0 (96) 

Knowing  the  eigenvalues  X(=l/  £ )allows  one  to  use  Eqs.  (91)  and  (87)  along  with  the  appropriate 
boundary  conditions  to  determine  the  coefficients  A^tr). 

This  method  has  bee.i  used  by  neutron  transport  theorists  [70,  71,  72,  73,  74J  and  by  in- 
veBtlgators  of  radiative -transfer  problems  (Chandrasekhar,  1950,  and  Refs.  [75,  76,  77,  78]). 
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71.  J.  Yvon,  "La  Diffusion  Macroscoplque  des  Neutrons:  Une  Methode  d'  Approximation,” 

J.  Nucl.  Energy  I,  Vol.  4,  1957,  pp.  S05-318. 
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One  of  the  problems  encountered  in  using  this  method  Is  the  propagation  of  roundoff  errors. 
The  matrices  are  ill-conditioned  in  some  Instances  and  the  system  is  numerically  unstable. 
Canosa  and  Penefiel,  however,  were  able  to  produce  well  conditioned  matrices  and  eliminate 
most  of  numerical  instability  by  using  various  transformations  on  matrices.  Under  certain 
conditions  as  for  example,  a Rayleigh-type  atmosphere,  the  spherical  harmomcs  method  is 
much  faster  and  more  accurate  than  the  iterative  technique,  but  for  realistic  atmospheres  with 
strongly  anisotropic  aerosol  scattering  the  advantage  over  the  iterative  technique  is  not  that 
great.  This  is  because  many  coefficients  (A^)  are  required  in  Eq.  (84)  to  represent  the  scat- 
tering phase  function,  which  Increases  the  size  of  the  matrix  (Eq.  93),  whereas  the  Iterative 
method  is  Independent  of  the  degree  of  anisotropy.  Because  of  recent  advancements  in  ma- 
trix computer  analysis  [78],  the  spherical  harmonics  (P|)  method  can  be  made  more  efficient 
than  the  iterative  technique  for  thick  atmospheres.  Typical  computer  times  are  given  in 
Table  3 by  Canosa  and  Penefiel  for  the  calculation  of  fluxes  in  homogeneous  atmospheres, 
i.e.,  integrals  over  the  angles  9 and  $.  The  work  was  done  using  FORTRAN  IV  with  an  H 
compiler  on  an  IBM  360/195.  Table  4 gives  the  storage  requirements  using  double  precision 
arithmetic. 

There  are  other  methods  which  have  been  used  which  are  quite  similar  to  the  spherical 
harmonics  or  P^  method.  One  is  the  Gauss  quadrature  method  which  approximates  the  scat- 
tering integral  by  polynomials  (Koflnk,  1967).  Another  variation,  used  especially  in  neutron 
transport  studies  is  the  double  Pf  method  in  which  the  radiance  is  expanded  into  separate 
Legendre  series,  one  for  p > 0 and  one  for  p < 0.  This  gives  a better  representation  of  the 
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TABLE  3.  NET  FLUXES  FOR  A MIE  ATMOSPHERE  OF  ONE  OPTICAL  THICKNESS. 

All  cases  solved  using  64  iayers.(From  Canosa  ana  Fenaflel,  1973  [78] .) 

Net  Flux Computation 

Integral  equation  Spherical  harmonics  time  (sec) 

Cosine  ol  Iteration  method  (Pl)  method**  IBM  360/195 

the  sun’s  No.  of  


zenith  angle 
(h0) 

Haze* 

Wavelength 

(4) 

Top 

Bottom 

Top 

Bottom 

L 

Condition- 
ing Points 

*811 

1.0 

L 

2.45 

2.7198 

2.7193 

2.719S 

2.7193 

9 

0 

18.41 

0.5 

L 

2.45 

1.0612 

1.C605 

1.0599 

1.0600 

9 

0 

20.84 

0,17* 

1.0 

L 

0.595 

2.8130 

2.8176 

2.8130 

2.8130 

21 

2 

21.17 

0.5 

L 

0.595 

1.1402 

1.1387 

1.1394 

1.1395 

21 

2 

21.17 

0.86* 

1.0 

L 

0.3025 

2.8078 

2.8078 

41 

4 

0.5 

L 

0.3025 

1.1511 

1.1501 

1.1506 

1.1507 

41 

4 

24.15 

4.19* 

0.5 

M 

0.3025 

1.1825 

1.1818 

1.1821 

1.1822 

O’ 

S 

24.77 

16.78* 

1.0 

M 

0.3025 

2.8466 

2.8466 

67 

8 

0.8 

M 

C.3025 

2.1747 

2.1748 

67 

8 

0.6 

M 

0.3025 

1.5076 

1.5077 

67 

8 

0.4 

M 

0.3025 

0.8693 

0.8694 

67 

8 

0.2 

M 

0.3025 

0.3275 

0.3278 

67 

8 

19.28S 

* This  timing  is  for  the  two  values  of  nQ  shown  for  the  given  wavelength,  which  are 
solved  n one  pass.  L 

*This  timing  is  only  for  the  value  fi  = 0.5. 

SThls  time  is  for  the  five  values  of  °nQ  shown  for  Haze  M,\  = 0.3025  /jl,  which  are 
solved  in  one  pass. 

*L  = terrestrial  haze;  M «=  marine  haze 
**L  + 1 = No.  of  terms  in  expansion 


TABLE  4.  STORAGE  REQUIREMENTS  FOR  DOUBLE  PRECISION  (From  Canosa  and 

Penafiel,  1973  [78].) 


Approximation  L 

No.  of  layers 

No.  of  cond.  points 

Storage 

7 

64 

3 

1I5K 

7 

128 

3 

120K 

15 

128 

17 

130K 

21 

64 

3 

250K 

41 

64 

5 

306.3K 

67 

64 

9 

585K 

7 

512 

33 

156K 
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radiance  than  twice  as  many  terms  in  the  single  Legendre  series.  An  outline  of  this  is  given 
by  Case  and  Zweifel  (1967)  and  Gelbard  (1968).  So  far  this  method  has  not  been  tried  for  ra- 
diative transfer  problems. 


3.3.3  DISCRETE  ORDINATES  METHODS 

There  are  many  problems,  especially  in  nuclear  reactor  analysis,  which  are  extremely 
difficult  to  solve  analytically  by  the  usual  methods.  An  approximate  technique  which  has  been 
used  for  some  time  is  that  of  discrete  ordinates.  One  can  discretize  the  angular  variables, 
the  space  variables,  or  both  In  order  to  arrive  at  a set  of  difference  equations.  This  method 
is  therefore  more  easily  adapted  to  computer  methods. 


The  first  method  using  discrete  ordinates  was  that  of  Wick  [79]  in  which  the  angular  in- 
tegration is  replaced  by  a weighted  sum.  For  simplicity  let  us  consider  the  radiative -transfer 
equation  with  azimuthal  symmetry: 


^"dq"^  = L*q’  ^ ' IT  j 1p^’  M’)d4’ 


(97) 


The  angular  integral  is  replaced  by  a summation 


(98) 


where  the  are  zeros  of  the  Legendre  polynomials  P^OO  and  the  Wj  are  Chrlstoffel  numbers 
or  relative  weights.  Recently,  an  efficient  variation  of  this  method  has  been  developed  by 
Whitney  [80]  based  upon  a special  choice  of  discrete  angles.  According  to  Whitney,  the  com- 
puter program  is  much  faster  than  previous  programs  and  certainly  faster  than  Monte  Carlo 
programs.  At  the  present  time,  some  of  the  disadvantages  are  that  it  is  difficult  to  use  un- 
less curvature  is  significant,  and  that  fluxes  are  difficult  to  determine.  Also,  it  is  desirable 
that  estimates  be  made  of  computer  time  and  accuracy. 


Another  variation  of  the  discrete  ordinates  method  is  the  SN  method  in  which  the  angular 
Interval  -1  < p < 1 is  divided  into  N Bublntervals  [Pj.jf  jl],  1 = 1,  2, . . . , N and  the  radiance 
is  assumed  to  vary  linearly  with  p:  \ 


L(q,  fi)  = 


t : jV* 
'V'Vl 


L(q,  Mj)  + 


M 

''l  ‘ **1-1 


L(q,  P 


i-1' 


(99) 


79.  G.  C.  Wick,  Z.  Phys.,  Vol.  I2i,  1043,  p.  702. 

80.  C.  Whitney,  "Implications  of  a Quadratic  Stream  Definition  In  Ractlatlve  Transfer 
Theor.V*  J.  Atmos.  Scl.,  Vol.  29,  No.  8,  November  1972,  pp.  1520-1530. 
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When  Eq.  (99)  is  substituted  into  the  radiative-transfer  equation,  a set  of  N equations  results, 
known  as  the  SN  set.  This  procedure  has  the  advantage  that  it  can  be  applied  to  a large  number 
of  geometric  configurations  bcth  of  boundaries  and  sources.  Some  of  the  disadvantages  are 
that  negative  fluxes  may  result  and  a very  fine  mesh  is  needed  for  high  accuracy.  Because  of 
its  utility  in  nuclear  reactor  problems,  many  programs  and  options  have  been  developed  over 
the  years.  A summary  of  some  of  these  programs  is  given  by  Lathrop  [81]  and  CvIboo  and 
Lathrop  [82] , and  the  basic  ideas  of  the  method  are  described  by  Lee  [83].  For  investiga- 
tions in  radiative -transfer,  these  programs  are  somewhat  cumbersome  to  use.  Nevertheless, 
an  almost  complete  compilation  is  provided  by  the  Radiation  Shielding  Information  Center  at 
the  Oak  Ridge  National  Laboratory. 

The  discrete  ordinates  approach  to  solving  the  radiative -transfer  equation  Is  regarded  by 
some  as  a more  fundamental  methoo  of  solving  the  equation  rather  than  being  an  approxima- 
tion to  an  exact  formulation.  Thus,  there  has  emerged  a rigorous  basiB  for  the  so-called  dis- 
crete space  theory  by  Prel6endorfer  [84],  These  ideas  have  culminated  in  the  practical  appli- 
cation of  discrete  space  theory  to  the  solution  of  the  radiative -transfer  equation  by  Grant  and 
Hunt  [85,  86],,  and  Hunt  and  Grant  [87],  This  method  has  been  applied  to  a number  of  practical 
problems  but  limitations  do  exist.  So  far  only  a Lambertian  surface  has  been  considered  and 
multidimensional  problems  have  not  been  investigated  in  detail.  Also  the  computer  time  can 
be  significant  especially  for  a large  number  of  parameter  values. 

3.3.4  INVARIANT  IMBEDDING 

Another  method  which  has  been  successfully  used  in  the  analysis  of  transport  problems 
is  that  of  invariant  Imbedding.  Many  of  the  ideas  of  the  invariant  imbedding  approach  were 


81.  K.  D.  Lath  rep,  "Discrete  Ordinate*  Method*  for  the  Numerical  Solution  of  the  Transport 
Equation,"  Reactor  Technology,  Vol.  15,  No.  2,  1972,  pp.  107-1J5. 

82.  B.  C.  Carlson  and  K.  D.  Lathrop,  "Transport  Theory,  The  Method  of  Discrete  Ordinate*," 
Computing  Method*  in  Reactor  Ibysics,  H.  Greenspan,  C.  N.  Kelber  and  D.  Okrent, 

(ed*.),  Cordon  and  Breach,  New  York,  1968. 

83.  C.  E.  Lee,  The  Discrete  Sfj  Approximation  for  Transport  Theory,  Report  No.  LA -2595, 
Los  Alamos  Scientific  Laboratory  of  the  University  of  Calif.  Los  Alamos,  N.  M., 

1962. 

84.  R.  Prelsendorfer,  Radiative  Transfer  on  Discrete  Spaces,  Pergamon  Press,  Oxford, 

1965. 

85.  I.  P.  Grant  and  G.  E.  Hunt,  "Discrete  Space  Theory  of  Radiative  Transfer,  I:  Funda- 
mentals," Proc.  Roy.  Soc.  Lond.  A.,  Vol.  313,  1969(a),  pp.  183-197. 

88.  I.  P.  Grant  and  G.  E.  Hunt,  "Discrete  Space  Theory  of  Radiative  Transfer,  II:  Stability 
and  Non-Negativity,”  Proc.  Roy.  Soc.  Lond.  A.,  Vol.  313,  1969(b),  pp.  199-216. 

87.  C.  E.  Hunt  and  I,  P.  Grant,  "Discrete  Space  Theory  of  Radiative  Transfer  and  Its  Appli- 
cation to  Problems  tn  Planetary  Atmospheres,"  I.  the  Atmos.  Set.,  Vol.  26,  September 
1969,  pp.  963-972. 
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formulated  by  Ambarzumian  (1943)  and  Chandrasekhar  (1950)  based  upon  fundamental  princi- 
ples of  Invariance.  However,  the  first  application  of  invariant  imtedd'ng  to  the  practical  solu- 
tion of  radiative -transfer  problems  was  by  Bellman  and  Kalaba  [88]  witn  numerical  results 
by  Bellman,  Kalaba,  and  Prestrud  [89]  and  Bellman,  Kaginunda,  Kalaba,  and  Prestrud  [90] . 

For  the  purposes  of  illustrating  the  Invariant  Imbedding  approach  to  the  solution  of 
radiative-transfer  problems,  let  us  consider  radiation  incident  on  a thin  slab  and  at  an  angle 
9n  with  respect  to  the  outward  normal  to  the  surface.  The  reflected  radiation  will  be  at  some 

u j('x 

angle  6 as  illustrated  in  Figure  7.  The  beam  intensity  will  be  reduced  by  an  amount  e 
through  the  Infinitesimal  slab  of  thickness  x,  or  ~l-k’x.  A fraction  of  the  enargy  is  reradiated. 
This  fraction  is  the  single -scattering  albedo  Uq.  For  simplicity,  we  shall  have  azimuthal 
symmetry  and  assume  that  each  scattering  is  Isotropic.  If  we  denote  1(0^,  9,  x)  as  the  specific 
intensity  of  reflected  radiation  (in  using  I,  we  retain  the  nomenclature  of  the  original  work),  then 
for  the  specific  intensity  at  x + A as  illustrated  in  Figure  8 we  get 


1(90,  9,  x + A)  = 


I(0n,  e,  x) 


/ 

1“ 


“ / 


k’(x)w0(x)A 


2irk'(x)wn(x)0  rir/2 


/-nr/2  k*(x)w0(x)A 

+ 2ifJ  j I(0Q,  9',  x)  sin  9'  A9' 

of*fir/2  k'(x)wn(x)A  "]r  nir/2  1 

+ Jo  Kfy  e'*  x) 4^ Bln  6' dd  j[J  I(e0*  6’  x)  sIn  60  % J 

(100) 

where  p = cos  9 and  Pq  = cos  The  first  term  in  Eq.  (100)  is  due  to  losses  (absorption)  in 
passing  through  the  layer  of  thickness  A on  the  way  in  and  on  the  way  out.  The  second  term 
Is  the  contribution  due  to  direct  scattering  from  the  layer  of  thickness  A while  the  third  term 
is  due  to  radiation  which  is  scattered  in  the  layer  of  thickness  A and  then  reflected  from  the 
slab  of  thickenss  x.  The  fourth  term  represents  radiation  reflected  from  the  slab  of  thickness  x 


88.  R.  Bellman  and  R.  Kalaba,  "On  the  Principle  of  Invariant  Imbedding  and  Propagation 
Through  Inhomogeneous  Media,”  Proc.  Nat.  Acad.  Set.,  USA,  Vol.  42,  1856, 

pp.  829-632. 

89.  R.  Bellman,  R.  Kalaba  and  M.  Prestrud,  Invariant  Imbedding  and  Radiative  Transfer  In 
Slabs  of  Finite  Thickness,  American  Elsevier  Publishing  Company,  New  Yort,  196?. 

90.  R.  Bellman,  H.  Kaglwada,  R.  X-Irba  and  M.  Prestrud,  Invariant  Imbedding  and  Time 
Dependent  Processes,  American  Elsevier  Publishing  Company,  New  York,  1864. 
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FIGURE  7.  INVARIANT  IMBEDDING 
CONFIGURATION 


I 


FIGURE  8.  ADDITIVE  SLAB  CONFIGURATION 
FOR  <NYAPJANT  IMBEDDING 
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and  then  scattered  In  the  layer  of  thickness  A.  The  last  term,  which  Is  nonlinear  represents  the 

contribution  of  radiation  that  is  reflected  from  the  slab  of  thickness  x,  scattered  in  the  layer  of 

2 

thickness  A,  and  then  rereflected  from  the  slab  of  thickness  x.  Additional  terms  of  order  A 
are  small  and  are  ignored.  Passing  to  the  limit  as  A - 0 and  defining 

R(m,  Pq,  x)  = I(50,  9,  x)p0/4  (101) 


we  get  the  following  nonlinear  integrodlfferential  equation: 

= R(m»  M'»  *)^r- 

with  the  initial  condition 

R(4,  m0,  0)  = 0 


k’(x)u'0(x) 


3R 

3x 


+ k’(x)f—  + - IR 

W *v . 


- 

1 


(102) 


(103) 


Thus,  we  see  that  we  have  a non-linear  integrodlfferential  equation  subject  to  an  Initial  value 
condition  Instead  of  the  usual  linear  transport  equation  with  a two -point  boundary  condition. 
The  advantage  of  using  this  method  is  that  an  initial  value  problem  can  be  solved  easily  by 
means  of  a simple  iteration  procedure  on  a computer  whereas  the  classical  approach  using 
the  two-point  boundary  condition  usually  Involves  the  solving  of  a large  system  of  linear  equa- 
tions. Also,  there  is  the  additional  advantage  that  the  radiation  field  is  calculated  as  a func- 
tion of  the  distance  x into  the  slab  and  thus  we  are  able  to  determine  the  Internal  radiation 
field.  For  computations,  Eq.  (102)  can  be  converted  into  a system  of  ordinary  differential 
equations  using  a quadrature  Integration  method  for  the  Integrals. 

In  recent  years,  the  Invariant  Imbedding  approach  has  been  applied  to  a great  number  of 
problems,  including  anisotropic  scattering  [91},  spherical  shell  atmospheres  [92]  and  time 
dependence  [93] . Comparisons  have  been  made  between  Chandrasekhar’s  results  and  those 
baaed  on  invariant  imbedding,  and  the  agreement  is  good.  Some  of  the  disadvantages  of  this 
technique  are  the  long  computer  time  especially  for  optically  thick  media  and  the  fact  that 
each  problem  requires  a whole  new  formulation  of  equations. 


01.  H.  H.  Kaglwada  R.  E.  Kalaba,  "Estimation  of  Local  Anisotropic  Scattering  Proper- 
ties Using  Measurements  of  Multply  Scattered  Radiation,"  J.  Quant.  Spect.  Rad.  Trans., 
Vol.  7,  1967,  pp.  295-303. 

82.  S.  Ueno,  H.  Kaglwada  and  R.  Kalaba,  "Radiative  Transfer  In  Spherical  Shell  Atmo- 
spheres with  Radial  Symmetry,"  J.  of  Math.  Physics,  Vol.  12,  No.  6,  1971,  pp.  1279- 
1285. 

93.  R.  E.  Bellman,  H.  H.  Kaglwada  and  R.  E.  Kalaba,  Time-Dependent  Diffuse  Reflection 
From  Slabs  with  Multiple  Scattering,  Memo  RM-5070-PR,  The  RAND  Corporation, 

July  1966. 
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3.8.5  DOUBLING  TECHNIQUE 

In  the  case  of  the  Iterative  solution  we  found  that  convergence  of  the  Neumann  series  was 
very  slow, especially  for  thick  atmospheres.  Also,  in  the  Invariant  imbedding  method  the  addi- 
tion of  many  thin  layers  to  obtain  a thick  atmosphere  is  time  consuming.  It  was  van  de  Hulst 
[94]  who  first  considered  the  simplification  of  adding  layers  of  which  each  successive  one 
was  twice  the  optical  thickness  of  the  preceding  layer.  Thus,  even  though  one  starts  the  com- 
putational process  with  a very  thin  layer  Tq,  after  say  10  cycles,  a thickness  of  2*°Tq  is 
reached.  Hence,  we  have  a very  rapid  computational  procedure.  Some  of  the  disadvantages 
are  that  only  homogeneous  atmospheres  can  be  dealt  with  efficiently  and  the  overall  accuracy 
is  difficult  to  estimate.  Nevertheless,  some  interesting  results  have  been  found  using  this 
method  in  the  analysis  of  clouds  by  Hansen  [95,  96]. 

3.3.6  MOMENT  METHODS 

Another  mathematical  method  which  has  been  devised  to  solve  radiative -transfer  prob- 
lems is  the  moments  method  originally  devised  by  Krook  [97]  and  later  developed  by  Sherman 
[98]  and  Liner  [99] . Basically,  the  method  is  quite  simple.  One  defines  the  quantities 

Mn  = ijVuq,  P)dP  (104) 


with  the  corresponding  positive  and  negative  half  moments, 


M;  = !joA(q.^  ao5) 


M*  = !j  fi  nL(q,  p)dp  (106) 


94.  H.  C.  Van  de  Hulst  and  K.  Grossman,  "Multiple  Light  Scattering  In  Planetary  Atmo- 
spheres," The  Atmospheres  of  Venus  and  Mars,  J.  C.  Brandt  and  M.  B.  McElroy  (eds.), 
Gordon  and  Breach,  N.  Y.,  1968. 

95.  J.  E.  Hansen,  "Exact  and  Approximate  Solutions  for  Multiple  Scattering  by  Cloudy  and 
Hazy  Planetary  Atmospheres,"  J.  Atmos.  Set.,  Vol.  29,  No.  3,  May  1969(a),  pp.  478- 
487. 

96.  J.  E.  Hansen,  "Radiative  Transfer  by  Doubling  Very  Thin  Layers,"  Astrophys.  J.,  VoL 
155,  February  1969(b). 

97.  M.  Krook,  Astrophys.  J.,  Vol.  122,  1955,  p.  488. 

98.  M.  P.  Sherman,  "Moment  Methods  In  Radiative  Transfer  Problems,”  J.  Ouant.  Spect. 
Rad.  Trans.,  Vol.  7,  1967,  pp.  29-109. 

99.  R.  T.  Liner,  Jr.,  Moment  and  Discrete  Ordinate  Methods  In  Radiative  Transfer  Prob- 
lems, Vol.  9,  1969,  pp.  721-7S2. 
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It  should  be  noted  that  the  zenith  moment  is  the  average  radiance  and  the  first  moment  is  the 
irradlance  or  flux.  Hence,  one  can  use  these  expressions  in  the  radiative-transfer  equation 
to  get  a solution  to  any  order  n,  i.e., 


L(q,  ji)  = 


An(q)ji 


(107) 


where  the  are  expansion  coefficients.  It  turns  out  that  this  procedure  is  equivalent  to  the 
discrete  ordinates  method  using  a half  range  with  similar  degrees  of  accuracy. 


3.3.7  MONTH  CARLO 

A statistical  procedure  called  Monte  Carlo  has  been  used  in  particle  transport  analysis 
for  the  past  thirty  years.  It  consists  basically  of  a particle  counting  method  with  probabilities 
associated  with  the  physical  processes  Involved.  Much  e'  the  early  work  dealt  with  neutron 
transport  in  complicated  geometrical  systems  whereas  Ir  recer years  the  method  has  been 
applied  to  a variety  of  problems  including  photon  transport  in  the  atmosphere. 

The  basic  description  of  a Monte  Carlo  process  is  as  follows:  One  devises  a computer 
program  in  which  the  physics  of  the  problem  is  described  in  a probabilistic  manner.  Along 
with  a well-defined  coordinate  system  and  boundary  conditions  the  particles  are  released 
from  a source  and  then  they  are  followed  as  they  undergo  scattering  and  absorption.  The 
processing  continues  until  reasonable  statistical  estimates  have  been  obtained.  In  this  general 
way,  Collins  and  Wells  [100],  Collins  [101],  and  Wells  and  Marshall  [102]  have  calculated  the 
visible  radiation  field  within  the  atmosphere  and  Plass  and  Kattawar  [103],  and  Kattawar  and 
Plass  [104]  have  done  similar  calculations  for  clouds. 

The  main  advantage  of  the  Monte  Carlo  procedure  is  that  very  complicated  geometries 
can  be  considered.  The  main  disadvantage  is  the  excessive  amount  of  computer  time  which  is 


100.  D.  O.  Collin*  and  M.  B.  Wells,  Monte  Carlo  Code*  for  Study  of  Light  Transport  In  the 
Atmoephere,  Vol.  I.  Description  of  Codes,  Vol.  II,  Utilization,  ECOM-002-10-F  I, 
ECOM-00240-F  n,  1965. 

101.  D.  G.  Collins,  Atmospheric  Path  Radiance  Calculations  for  a Model  Atmosphere,  Report 
No.  AFCRL-68-0124,  Air  Force  Cambridge  Research  Laboratories,  Bedford,  Mass., 
1968. 

102.  M.  B.  Wells  and  J.  D.  Marshall,  Monochromatic  Light  Intensities  Above  the  Atmosphere 
Resulting  from  Atmospheric  Scattering  and  Terrestrial  Reflection,  Radiative  Research 
Assoc.,  Inc.,  Ft.  Worth,  Tex.,  1968. 

103.  G.  N.  Hass  and  G,  W.  Kattawar,  'Influence  of  Single  Scattering  Albedo  on  Reflected  and 
Transmitted  Light  from  Clouds,"  Appl.  Optics,  Vol.  7,  No.  2,  February  1938,  pp.  361-367. 

104.  G.  W.  Kattawar  and  G.  N.  Plass,  'Infrared  Cloud  Radiance,"  Appl.  Optics,  Vol.  8,  No.  6, 
June  1965,  pp.  1169-1178. 


70 


Jm 


FORMERLY  WILLOW  RUN  l A BORA  TORIES.  TML  UNIVERSITV  Or  MICHIGAN 


expended  to  obtain  reasonably  accurate  values.  The  accuracy  is  proportional  to  the  square 
root  of  the  number  of  particles  counted.  Except  for  unusually  complicated  geometries  it  is 
probably  best  that  the  user  apply  less  computer-time  consuming  techniques. 

3.4  APPROXIMATE  METHODS 

The  methods  discussed  in  the  preceding  sections  all  have  one  thing  in  common:  they  pro- 
vide mathematically  exact  solutions  to  certain  classes  of  radiative -transfer  problems  if  one 
continues  to  increase  the  number  of  terms  in  a series  or  if  the  computer  time  is  increased. 
High  accuracy,  however,  is  not  always  necessary,  especially  in  many  engineering  applications, 
because  usually  one  does  not  know  the  pertinent  input  parameter  values  well  enough.  Speed 
and  overall  efficiency  of  operations  are  often  more  important  and  for  these  reasons  it  is  de- 
sirable to  have  mathematically  approximate  models  which  use  very  little  computer  time  and 
which  give  reasonably  accurate  results. 


3.4.1  SCHUSTER-SCHWARZSCHILD  METHOD 

Early  in  the  twentieth  century,  Schuster  (1905)  and  Schwarzschild  [105]  introduced  a sim- 
ple method  of  directional  averaging.  The  radiation  field  is  assumed  to  be  nearly  isotropic  and 
averages  are  taken  over  the  upward  and  downward  hemispheres: 

r2n  rl 


r£n  rl 

L (q)  ' L(q,  p,  <fc)dpd$ 

+ Jo  Jo 


JO  J0 

r 2rr  r 0 


L (q) 


nu 

L(q,  p, 

-1 


0)  dp  d <t> 


and  also  a weighted  average, 

f2n  fl 

E (q)  s pL(q,  p,  $)dpd$ 
+ Jq  Jo 


d)  dpd$ 


/*2jt  /*0 

E (q)  5 pL(q,  p, 

•*0  J-l 

Then,  with  the  assumption  of  a nearly  isotropic  field  we  have 
E+(q)  ■ jL+(q) 

l 

E_(q)  s |L_(q)  1 

■ ! 

105.  K.  Schwarzechlld,  "Uber  das  Clelchgewtcht  der  Sonnenatmosphere,"  Gottlnger 
Nachrichten,  Vot.  41,  1806. 
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Using  these  formulas  In  the  radiative -transfer  equation  with  an  Isotropic  scattering  law, 


= L(q,  p,  0) 


^0  f2”  f 1 

4ffJ0  J-l 


L(q,  #i*.  *')dM'd$’ 


(113) 


provides  us  with  two  differential  equations  instead  of  the  Integro-differential  equation. 


dE  (q) 

dq  =<2  -w0)E+(q)  -w0E_(q) 

(114) 

dE  (q) 

dq  =^oE+(q)-(2-wO)E-(q) 

(115) 

When  these  coupled  equations  are  solved  using  the  appropriate  boundary  conditions  one  ob- 
tains the  Irradiance  (upward  and  downward)  at  any  point  In  the  medium.  Because  of  the  as- 
sumptions on  the  directionality  of  the  field  (Eq.  112)  we  expect  a model  based  upon  these  as- 
sumptions to  be  especially  valid  deep  within  an  atmosphere  rather  than  near  the  boundaries. 


3.4.2  EDDINGTON  METHOD 

In  1926,  Eddington  [106]  introduced  another  averaging  method.  This  time  we  average 
over  all  space  rather  than  over  hemispheres,  t.e., 

L « L(q,  H.  *)<M*  (116) 

Integrating  Eq.  (113)  gives 

*j~=L(q)  -w0L(q)  (117) 

which  shows  that  the  flux  <t>(q)  Is  a constant  if  there  is  no  absorption.  Multiplying  Eq.  (113)  by 
n and  integrating  over  all  space  gives 

= *<q)  (118) 

where 


1 f2,rfl 

*(q)  = 4?J0  J M,  <P)dnd* 


(119) 


and 


106.  A.  8.  Eddington,  The  Interval  Constitution  ot  the  Star*,  Cambridge  University  Press, 
1926. 
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K(q)  = | p2L(q,  p,  *)dpd* 


(120) 


The  Eddington  assumption  is  that  the  field  Is  almost  Isotropic,  i.e., 

K(q)  2 1/3  L (121) 

or 


n2r 

5-it=3(l  -w0)L(q) 
dqZ  U 


(122) 


We  expect  this  approximation  to  hold  when  we  have  very  thick  atmospheres. 

Comparisons  have  been  made  between  the  Schuster-Schwarzechlld  (two-stream)  model 
and  the  Eddington  model  (Irvine,  1968).  The  conclusion  is  that  the  two-stream  model  Is  bet- 
ter when  low  crder  scattering  dominates.  The  Eddington  method  fails  for  conditions  near  the 
boundary  (i.e.,  for  large  solar  angles). 


3.4.3  ROMANOVA’S  METHOD 

One  of  the  major  difficulties  involved  In  the  solution  of  the  radiative-transfer  equation  Is 
how  to  deal  with  the  high  degree  of  anisotrophy  of  the  scattering  phase  function.  Romanova 
[107,  108,  109]  has  developed  a method  based  upon  a small  angle  approximation  similar  to 
that  used  by  Wang  and  Guth  [110]  in  nuclear  physics.  If  one  were  to  expand  the  phase  function 
In  a series  of  Legendre  polynomials  many  terms  would  be  required  and  this  leads  to  the 
rather  difficult  eigenvalue  problem  In  the  spherical  harmonics  method.  Romanova’s  method 
consists  of  expressing  the  radiance  as  the  sum  of  two  terms,  one  for  small  angles,  i.e.,  the 
highly  anisotropic  part  of  the  phase  function,  and  another  for  the  remaining  part  of  the  phase 
function. 

L(q,  p,  *)  = Lsa(q,  p,  4)  ♦ L(q,  p,  4)  (123) 

The  L^tq,  p,  4)  solution  is  found  by  replacing  p by  ^ in  the  radiative -transfer  equation  and 
new  boundary  conditions,  i.e., 


107.  L.  M.  Romanova,  'The  Solution  of  the  Radiative -Transfer  Equation  for  the  Case  When 
the  Indicatrix  of  Scattering  Greatly  Differs  from  the  Spherical  One,  I,"  Opt.  Spcfc., 

Vol.  13,  1862(a),  p.  429. 

108.  L.  M.  Romanova,  'Solution  of  the  Radiative -Transfer  Equation  for  the  Case  of  a Highly 
Nonspherlcal  Scattering  Index,  O,"  Opt.  Spelt.,  Vol.  13,  1602(b),  p.  819. 

108.  L.  M.  Romanova,  "Radiation  Field  Is  Plane  Layers  of  a Turbid  Medium  with  Highly 
Anisotropic  Scattering,"  Opt.  Spek.,  Vol.  14,  1063,  p.  262. 

110.  M.  C.  Wang  and  E.  Guth,  Phys.  Rev.,  Vol.  84,  1951,  p.  1092. 
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L(q,  4,  0)  = 0,  4 > 0 

Uq,  4,  A)  = -Lsa(q,  4.  <t>),  4 < 0 


(124) 


The  radiance  L(q,  4,  0)  can  then  be  expanded  in  a series  of  Legendre  polynomials  and  pre- 
sumably it  will  require  fewer  terms  since  most  of  the  anisotropy  is  accounted  for  by  the 
L^q,  4,  0)  term.  Irvine  (1968)  has  made  comparisons  between  Romanova's  method  and  the 
doubling  method  and  found  excellent  agreement  over  a wide  range  of  angles  and  optical  thick- 
nesses. No  estimate  is  given  for  the  amount  of  computer  time  but  it  is  considerably  reduced 
over  the  other  more  conventional  techniques. 


3.4.4  THE  TURNER  METHOD 

The  development  of  large-scale  computer  processing  of  multispectral  remote  sensing 
data  has  led  to  the  requirement  that  atmospheric  corrections  be  made  on  a point -by -point 
basis.  Thus,  it  is  necessary  to  know  radiances  and  other  radiometric  quantities  at  many 
points  throughout  a scene.  What  is  needed  then,  is  an  atmospheric  radlat lve -transfer  model 
which  is  fast,  accurate,  and  adaptable  to  a range  of  environmental  conditions.  Turner  [111, 
112,  113,  114]  has  developed  a modified  two-stream  Iterative  model  especially  designed  for 
hazy  atmospheres. 

The  one  dimensional  radiative -transfer  equation  to  be  solved  is 
dl  wo  C2v  f1  E„(q)wft 

Mdq  = L*q*  4fJ0  J *»  0')Uq,  4',  0’)d4'd$’ j—pin,  <t>,  - 4^  *Q) 

(125) 

where  the  scattering  phase  function  is  approximated  as 

p(4,  0,  4\  ♦')  = 4in;6 (4'  - 4)8(0'  - 0)  + 4ir(l  - *7)6(4'  + 4)6(0'  - n - 0)  (126) 

where  *7  represents  the  fraction  of  tie  radiation  scattered  into  a forward  hemisphere,  l.e., 


111.  R.  E.  Turner,  Remote  Sensing  In  Hazy  Atmospheies,  Proceedings  of  ACSM/ASP, 
Meeting  In  Washington,  O.  C.,  March  1972. 

112.  R.  E.  Turner,  "Atmospheric  Effects  in  Remote  Sensing,"  Remote  Sensing  of  Earth  Re- 
sources, Vol.  4,  F.  ShahroSchl  (ed.).  University  of  Tennessee,  1973. 

113.  R.  E.  Turner,  "Contaminated  Atmospheres  and  Remote  Sensing, ” Remote  Sensing  of 
Earth  Resources,  Vol.  IQ,  F.  Shshrohhl  (ed.),  University  of  Tennessee,  1974. 

114.  R.  E.  Turner,  Radiative  Transfer  on  Real  Atmospheres,  Report  No.  190100-24 -T, 
Environmental  Research  Institute  of  Michigan,  Ann  Arbor,  July  1974. 
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0 Jo 

P(4)d4 


p(4)d4  dx 


(127) 


(128) 


For  Rayleigh  scattering  n = 0.5  whereas  for  aerosol  scattering  in  the  visible  region  r?  ~ 0.95. 
Using  Eq.  (126)  in  Eq.  (125)  and  a similar  assumption  regarding  the  radiation  field,  l.e., 


L(q,  p,  *)  = ^~{E^(q)0(p  - PqW*  - v - *Q)  + E|_(q)s(p  + n^)6(4>  - ^Q)] 


(129) 


where  E^(q)  and  EMq)  are  lrradlances  In  the  upward  and  downward  directions  respectively, 
we  gef  two  complex  linear  differential  equations  for  E'  (q)  and  E'(q): 


dE' (q)  1 - w-T7  w (1  - 7)) 

_±_  = — E'  (q)  - -5 

dq  Pq  + ^ 


-E|_(q)  - ta>Q(  1 - r))Efi(q) 


dE'(q)  1 -UfJl  vM-V) 

i—  = — E'(q)  - — E'(q)  - w.ijE  (q) 

dq  jiQ  - Pq  + 0'  e H 


(130) 


(131) 


The  1/pq  dependence  is  Included  to  normalize  the  diffuse  irradlance  field.  The  primed  quan- 
tities indicate  that  we  are  calculating  the  field  for  a surface  albedo  of  zero.  The  solution  to 
these  equations  and  similar  ones  for  an  Isotropic  radiation  reflected  from  a Lambertian  sur- 
face are  too  complicated  to  be  presented  here  but  their  functional  form  is  given  by 


E+(q)  = P0EQf+(4,  k,  «0,  jijj,  p,  q,  qQ) 

E _(q)  = PqEqMij,  k,  uQ,  p,  q,  q^ 

r v*,! 

E_(q)  = P0E()  f_(q,  k,  wQ,  p^j,  p,  q,  q^  + e 


(132) 

(133) 

(134) 


where  E+(q),  E_(q),  and  E_(q)  are  the  upward  diffuse,  downward  diffuse,  and  total  downward 
lrradlances  respectively,  and 


k * ^(1  - wQ)(l  + wQ  - 2^)/^ 


(135) 


A computer  program  was  written  which  allows  one  to  calculate  these  lrradiance  components 
as  a function  of  wavelength,  polar  zenith  angle,  single -scattering  albedo,  surface  albedo, 
altitude,  visual  range,  and  optical  depth.  Figure  9 illustrates  the  diffuse  downward  component 
for  the  Turner  method  where  17  = 0.5  and  = 0°,  thus  simulating  a Rayleigh  atmosphere. 
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FIGURE  9.  NORMALIZED  DOWNWARD  DIFFUSE  IRRADIANCE  VS  OPTICAL 
THICKNESS  FOR  VARIOUS  SURFACE  REFLECTANCES,  p = surface  reflect- 
ance; solar  zenith  angle  = 0°;  no  absorption;  Rayleigh  atmosphere. 
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Kahle  [115]  carried  out  a similar  calculation  using  the  results  of  Chandrasekhar's  exact  cal- 
culation for  a Rayleigh  atmosphere.  Using  the  scattering  functions  calculated  by  Sekera  and 
Kahle  [116]  we  have  also  calculated  the  exact  results  and  compared  them  with  the  approxi- 
mate calculations  as  are  illustrated  in  Figure  9.  The  agreement  is  good  considering  the  ap- 
proximations that  are  used.  It  should  be  noted,  however,  that  a homogeneous  atmosphere  is 
assumed  and  polarization  is  not  included  in  the  present  development.  For  the  usual  optical 
thicknesses  for  Earth's  atmosphere  ar.d  reasonable  reflectances  the  agreement  is  quite  good. 
A similar  comparison,  shown  in  Figure  10  was  carried  out  for  the  diffuse  radiation  emitted 
by  the  atmosphere.  One  advantage  of  the  approximate  model,  as  with  some  other  models  as 
well,  is  that  the  irradiances  can  be  determined  at  any  interior  point  of  the  medium.  Thus,  it 
is  possible  to  see  how  the  radiation  field  changes  as  one  goes  from  the  bottom  to  the  top  of 
the  atmosphere  [117]. 

Using  a relation  similar  to  Eq.  (129)  and  the  irradiances  as  determined  above  one  can 
then  find  the  spectral  radiances.  These  are  given  formally  as 


= L s(tj,  k,  u>Qf  Vq,  p,  0,  P,  q,  q0) 

036) 

= k,  Wq,  p,  0,  pt  q,  q^) 

(137) 

= k,  u?q,  Pq9  Pi  0,  p,  Pi  q,  q^) 

(138) 

where  Lg  is  the  spectral  sky  radiance  at  any  point  in  the  medium  (l.e.,  the  radiance  for  an  ob- 
server looking  into  the  upper  hemisphere)  and  Lp  Is  the  path  radiance  (i.e.,  the  radiance  for 
an  observer  looking  into  the  lower  hemisphere  at  a target  with  zero  reflectance).  I*j,  is  the 
total  spectral  radiance  for  a downward  looking  observer.  It  should  be  noted  that  I*p  Is  not 
only  a function  of  the  background  albedo  p but  also  of  the  target  reflectance  p.  In  general  then, 

Lj.  - Lcr  + Lp  (139) 

where  Lgrepresents  the  radiance  at  the  surface  and  r is  the  transmittance  from  the  surface 
to  the  ooserver. 

The  computational  accuracy  of  this  model  was  tested  by  comparing  it  with  exact  results. 
Figure  11  illustrates  the  comparison  between  the  Turner  method  calculations  and  those  of 


115.  A.  B.  Kahle,  "Global  Radiation  Emerging  from  a Raylelgh-Scattering  Atmosphere  of 
Large  Optical  Tlilcknecs,”  Asirophys.  J.,  Vol.  151,  February  12G9. 

118.  Z.  8<kera  and  A.  B.  Kahle,  Scattering  Function*  of  Rayleigh  Atmc-j-herea  of  Arbitrary 
Thickness,  R-4520PR,  The  RAHD  Corporation,  Santa  MorJca,  Call!.,  1965. 

117.  W.  A.  Mallia,  R.  B.  Crane,  A.  Omarru  and  H.  E.  Tomer,  Stud'ej  of  Spectral  Discrimina- 
tion, Report  No.  31650-22-T,  Willow  Run  Laboratories  of  the  Institute  of  Science  and 
Technology,  University  of  Michigan,  Ann  Arbor,  1971. 
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FIGURE  11.  NORMALIZED  PATH  RADIANCE  AT  THE  TOP  OF  THE 
ATMOSPHERE  VS  OPTICAL  1 HICKNESS  FOR  SEVERAL  SURFACE 
REFLECTANCES,  p = surface  reflectance;  solar  zenith  angle  = 0°; 
no  absorption;  Rayleigh  atmosphere. 
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Coulson  et  al.  (1960).  Eg  is  the  extra-terrestrial  irrauian-.e  due  to  the  sun.  Figure  12  de- 
picts the  path  radiance  as  a function  of  for  those  eun  angles.  For  certain  angles  and  for 
large  optical  thicknesses  there  is  some  discrepancy  between  the  exact  and  approximate  cal- 
culations. In  figure  13,  we  see  the  variation  of  sky  radiance  with  solar  zenith  angle  for  two 
different  optical  thicknesses.  Both  the  magnitudes  and  the  angular  variations  agree  well  ex- 
cept for  the  case  of  large  solar  angles  (>75°)  and  larger  optical  thicknesses.  As  a final  illus- 
tration of  the  accuracy  of  the  approximate  mod  ;1  we  present  the  total  spectral  radiance  as  a 
function  of  nadir  angle  in  Figure  14.  Other  results  have  been  reported  in  the  literature  [118] . 

The  method  is  quite  adaptable  to  a wide  range  of  geometrical  problems.  For  example,  the 
Influence  of  background  albedo  or  target  radiance  vs  multiple  scattering  is  being  explored 
(Turner,  1974)  and  various  other  multidimensional  models  are  under  investigation.  Finally, 
we  present  in  Figure  15  a diagram  which  illustrates  the  basic  radiation -transfer  multiple 
scattering  model  as  developed  at  ERIM. 


118.  W.  A.  MalHa,  R.  B.  Crane  and  R.  E.  Turner,  Information  Extraction  Techniques  for 
Multlspectral  Scanner  Data,  Report  No.  S1P50-74-T,  Willow  Run  Laboratories  of  the 
Institute  of  Science  and  Technology,  University  of  Michigan,  Ann  Arbor,  1972. 
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FIGURE  13.  SKY  RADIANCE  VS  SOLAR  ZENITH  ANGLE,  q0  = optical  thickness;  p = surface 
reflectance;  scan  angle  = 0°;  Rayleigh  atmosphere. 


— ■ ~ Exact  Calculations 

© Q ^ Turner  Method 


FIGURE  14.  TOTAL  SPECTRAL  RADIANCE  IN  THE  SOLAR  PLANE  AT  THE  TOP  OF  A RAYLEIGH 
ATMOSPHERE  BOUNDED  BY  A SURFACE  WITH  LAMBERTIAN  REFLECTANCE  p.  Wavelength  = 
0.540  pm;  solar  zenith  angle  = 36.87°;  optical  thickness  = 0.1. 


. ■ I 


2pl 


FORMERLY  WILLOW  RUN  LABORATORIES  THE  UNIVERSITY  OF  MICHIGAN 


FIGURE  15.  TURNER  RADIATIVE  TRANSFER  MODEL 
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THEORY  OF  ATMOSPHERIC  A3S0RPT10N 

4.1  INTRODUCTION 

In  this  chapter  we  continue  to  maintain  the  separability  of  the  scattering  and  molecular 
absorbing  parts  of  the  radiative  transfer  equation.  In  this  way  we  can  discuss  the  process  of 
absorption  as  if  no  radiation  were  scattered  from  the  beam,  so  that  only  molecular  absorption 
occurs.  This  is  analogous  to  the  manner  in  which  we  ignored  molecular  absorption  in  the  dis- 
cussion of  scattering.  Thus,  the  report  can  be  separated  into  two  essentially  independent  parts, 
one  devoted  to  scattering  and  one  to  molecular  absorption,  the  latter  being  discussed  in  this 
section. 


4.2  RADIATIVE  TRANSFER  EQUATION  FOR  MOLECULAR  ABSORPTION 

It  is  seen  from  the  general  discussion  of  the  radiative  transfer  equation  that  Eq.  (21)  in 
Section  2.3  simplifies  to  a non-scattering  representation  of  the  transfer  of  radiation  by  the  elim- 
ination of  the  middle  term  by  setting  u'q  = 0.  This  will  be  true  if  the  scattering  coefficient  1C  (A,  s) 

= 0,  leaving  k'(A,  = k’(A,  s).  Thus,  Eq.  (21)  for  the  spectral  radiance  at  s becomes  (the  direc- 

« 

tion  of  s’  is  from  s to  R): 


La(A,  s)  = La(A,  R)  exp  - 


J ka(A,  s')p(s’)ds’ 
s 


T(s’) j 


exp 


s’ 

^ ka(A,  s")p(s”)ds” 
s 


ika(A,  s’;p(s’)ds' 


(140) 


where  k - k'/p  is  the  mass  absorption  coefficient.  To  show  explicitly  the  dependence  of  the 
spectral  absorptance;  A(A),  on  the  mass  of  the  substance  through  which  the  radiation  travels 
and  not  merely  the  distance,  the  mass  absorption  coefficient  is  used,  and  the  optical  path  or 
optical  depth  is  given  by: 


q(A)  = Jk(A,  s)p(s)ds  (141) 

3 

where  p(s)  Is  the  path-dependent  mass  density  of  the  absorber  in  grams  per  cm  , when  s Is 

-2  -1 

the  distance  in  cm.  The  units  for  k are,  therefore,  (gm-cm  ) . Equation  (140)  is  thus 
written: 
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V,  R)+Jl*[A, 


,(A,  s)  = L(A,  R)r(A,  R)  + | L’[A,  T(s’)  ]p(s')k(A,  s')x 

s 


exp 


| p(s")k(A,  s")ds" 
s 


ds’ 


(142) 


R should  be  noted,  however,  that  since  the  spectral  transmittance,  t,  is: 
s' 


r{>)  « 1 - A(A)  = exp 


-Jp(s")k(A,  s")ds" 


in  general  (see  Section  1) 


(143) 


the  expression  p(s')k(A,  s')  exp 


i 


P(S"MA,  s")ds" 


[in  Eq.  142  is  nothing  morethandr/ds',sothat 


Eq.  (142)  can  be  written  very  simply 


a 

LX(X,  s)  = Lx,  (A,  R)r(A,  R)  + Jl*[A , T(s’)l£^,^ds' 


(144) 


where,  if  t(A,  s')  is  the  transmittance  between  the  point  of  observation  (s),  and  some  point  (s') 
in  the  path,  dr(s')  is  defined  as  t(A,  s'  + ds')  - r(A,  s').  See  Figure  16.  The  term  LX(A,  R)  is 
the  spectral  radiance  of  a source  at  the  point  R,  which  is  transmitted  through  the  atmosphere 
between  s and  R,  the  transmittance  being  given  by  r(A,  R).  L*[A,  T(s')J  is  the  (Planckian) 
source  function  for  a radiator  at  temperature,  T(s'),  defined  at  some  point,  s'. 

Thus,  the  calculation  of  the  radiance  at  some  point,  s,  caused  by  emission  from  a source 
atsomepoint,R,and  the  emission  of  the  atmosphere  between  s andR(whichis  assumed  to  limit 
the  path)  amounts  simply  to  calculating  the  transmittance  between  s and  every  point  in  the  path  out 
to  R.  Since  the  expressions  in  Eq.  (144)  cannot  usually  be  obtained  in  closed  form,  the  calcula- 
tions are  generally  performed  numerically,  by  subdividing  the  atmosphere  into  increments 
within  which  the  atmosohertc  parameters  are  considered  to  be  constant.  These  increments  are 
formed  by  the  shells  which  are  demonstrated  in  Section  7.4.  As  explained  in  a report  by 
Hamilton,  et  al.  (1973),  the  contributions  forming  the  shells  which  compose  the  boundaries  of 
the  layers  containing  the  absorbing  substance  are  summed  up  as  follows: 


1 

..jtf 
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LA  =es(A)L*(Ts)rc(x)rn(A)  + e<.(X)Lj(Tc) ^(X)  + gL^T^r^X)  - t^W/t^A)] 


> T 


;(x>  L L»  (Tj^r^X)  - T1+1(X)/ TjfX)] 


(145) 


i=H 


The  details  of  this  equation  are  explained  in  Section  7.4. 


4.3  DESCRIPTION  OF  THE  ABSORPTION  COEFFICIENT 

The  factors  of  importance  to  this  discussion  are  the  terms  r(X)  and  the  parameters  which 
define  them.  As  noted  above  in  Eq.  (143): 

t(A)  = 1 - A(A)  = exp  - Jk(A,  x)p(x)dx 


Since  the  factor  k(A,  x)  is  a strongly  varying  function  of  wavelength  (or  frequency,  v)*,  it  is 
extremely  important  that  its  effect  on  atmospheric  transmittance  be  examined  in  detail.  It 
can  be  derived  simply  out  of  consideration  of  the  effect  only  of  the  absorptive  effect  of  the 
atmosphere  on  radiation  traversing  it.  The  change  in  the  amount  of  radiation  traversing  an 
elemental  distance,  dx,  containing  p(x)dx  grams  of  absorbers  per  cm  is  proportional  to  the 
number  of  absorbers  and  to  the  number  of  photons,  representable  by  L^.  With  all  appropriate 
constants  implicit  in  it,  the  proportionality  factor,  a function  of  the  frequency  and  of  a parti- 
cular place  in  the  atmosphere,  is  designated  as  k(v,  x),  so  that 

dLv(i/,  x)  = -k(i/,  x)  L v(v,  x)p(x)dx 
which  very  simply  solves,  for  a path  from  0 to  xQ,  as: 

f° 

•J  k(i',  x)p(x)dx 
0 

giving,  as  above: 


hv(v,  0)  = L/v,  xQ)  exp 


t(v,  x_)  = exp 


j 

L 0 


kfc,  x)p(x)  dx 


(146) 


The  expression  t{v,  x^)  is  the  monochromatic  atmospheric  transmittance  for  the  conditions 
given;  i.e.,  the  value  at  one  and  only  one  frequency,  v. 


♦The  reader  should  expect  to  encounter,  during  the  course  of  this  reportr  frequent  changes 
in  the  description  of  the  spectral  character  of  parameter  between  the  use  of  X,  the  wavelength, 
usually  in  micrometers,  pm;  and  v,  the  frequency  usually  in  reciprocal  centimeters,  cm’*. 

It  is  to  be  noted  in  these  cases  that  X = l/v  x lO*. 
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There  is  usually  little  interest  in  the  monochromatic  transmittance,  particularly  for  com- 
parison between  calculated  and  measured  results,  which  are  obtained  by  instruments  whose 
spectral  resolution  is  sufficiently  poor  to  integrate  over  some  reasonable  width  of  the  spec- 
trum. The  greater  interest,  thus,  is  in  the  average*  transmittance  over  the  spectral  Interval 
At/  given  by: 


T V = Av 


x)p  (x)dx 


>0i> 


(147) 


One  might  consider  this  as  the  average  transmittance  over  a spectral  interval  At/  centered  at 
i>,  or  the  effective  transmittance  over  a variable  slit  function  whose  effective  width  is  that  of  a 
rectangle  with  the  same  area  as  that  under  the  spectral  slit  function. 


The  greatest  part  of  the  problem  of  solving  is  to  find,  if  possible,  an  analytical  solu- 
tion for  the  integration  over  v,  which  involves  a knowledge  of  the  actual  character  of  k(v) 
(dropping  the  path  dependence  for  convenience).  Using  the  results  of  classical  kinetic  theory, 
the  nature  of  k(i/)  is  shown,  according  to  Lorentz,  to  be: 


, .2  2 

(v-Vq)  + °L 


(148) 


- 1 -2-1 

where  S is  the  line  strength  in  units  (gm  -cm)  (since  k = (gm-cm  ) ) 

a.  is  the  Lorentz  line  half-width  in  cm  * (see  Figure  17) 

" -1 
i/q  is  the  frequency,  in  cm  , at  the  center  of  the  line 

When  the  line  representing  a transition  has  this  shape  it  is  said  to  be  collision,  or  pressure, 
broadened  as  a result  of  impacts  of  the  molecule  with  neighboring  molecules.  Thus,  the  line 
half-width  depends  upon  pressure  and  temperature,  and  is  often  approximated  as  follows: 


a 


h 


'LO 


(149) 


where  a is  the  half-width  (in  cm  *)  at  standard  conditions,  PQ,  TQ 
P is  the  pressure  of  the  gas 
T is  the  temperature 

n is  an  empirically  determined  exponent,  with  a theoretical  value  of  1/2 


♦Actually  what  is  desired  is  a weighted  average  to  take  into  effect  the  (variable)  spectral 
"slit  function"  of  the  instrument  which  should  be  corvolved  with  the  monochromatic  transmit- 
tance. This  will  be  ignored  in  the  discussion. 
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The  liiv^  strength  has  a temperature  dependence  which  gives  it  the  form: 


S «=  S0(T0/T)nl  exp 


(150) 


where  E"  is  «ne  vibration-rotation  energy  of  the  initial  state  giving  rise  to  a particular  absorp- 
tion line;  k is  the  Boltzmann  constant,  m is  an  exponent  which  depends  on  the  type  of  absorbing 
gas. 

The  theory  of  molecular  line  absorption  in  the  atmosphere  is  covered  in  many  texts,  of 
which  the  one  by  Goody  (1964)  is  probably  the  most  recent,  comprehensive,  and  available.  For 
the  purpose  of  completeness,  however,  the  theory  will  be  reviewed  briefly  here,  partially  ex- 
tracted from  the  earlier  state-of-the-art  report  by  Anding  (19C7). 


A study  by  Winters,  et  al.  (119  j of  an  isolated  CO^  spectral  line  showed  that  the  intensity 
in  the  wings  of  the  line  decreased  more  rapidly  than  predicted  by  the  Lorentz  expression.  On 
the  basis  of  this  study,  Benedict  proposed  the  following  empirical  expression  for  the  spectral 
line  shape  of  CO^. 


k(v)  - f 


, ,2  2 

(v  - vQ)  ♦ «L 


I V - i/q  I J d 


Jc(j')  = 


s Aah  exp 


(-alv-v0lb) 


(v  - ,0)2  ♦ or* 


If  - Vq I id 


(151a) 


(151b) 


where  d is  the  average  spacing  between  spectra',  lines 
a = 0.0675 
b = 0.7 
d = 2.5  cm'1 

The  value  of  A is  chosen  to  make  the  two  forms  continuous  at  li<  - = d = 2.5  cm  V 

There  is  a second  cause  of  line  broadening  known  as  the  Doppler  effect  which  is  related 
to  the  relative  motions  of  the  molecules.  The  pure  Doppler  broadened  line  is  given  by 
2 

k(v)=kQe'y  (152) 


119.  B.  H.  Winters,  et  al.,  "Line  Stupe  in  the  Wing  Beyond  the  Band  Head  of  the  4.3p  Band 
of  CO2,"  J.  Quant.  Spec.  Rad.  Trans.,  Vol.  4,  1961,  pp.  527-537. 
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where 
k0 
y = 


_S  / tn  2 N1/2 
= aD\  t ) 


(v  * O 1/2 
— (fn  1y  1 


-1, 


and  ajy  the  Doppler  hall-width  (In  cm  ) at  half  maximum,  is  given  by 

•W 

a0=-(2kfn2n) 

where  M = molecular  weight  (gm-mole  *),  and  k is  the  Boltzmann  constant. 


For  lower  altitudes  where  the  atmospheric  pressure  is  high,  the  Lorentz  hall-width,  a , 
is  dominant.  As  the  atmospheric  pressure  decreases,  the  Lorentz  half -width  decreases  and 
the  influence  of  Doppler  broadening  becomes  more  marked.  For  the  15-fi  COr,  band,  the  Doppler 
and  Lorentz  half -widths  are  equal  at  about  10  mb  [120]  and  at  lower  pressures  the  Doppler  half- 
width is  greater.  Thus,  over  a wide  range  of  atmospheric  pressures,  it  is  necessary  to  con- 
sider the  mixed  Doppler-Lorentz  (Voigt)  line  shape  to  be  completely  accurate.  The  absorption 
coefficient  for  the  mixed  broadening  is  given  by  Young  [121]: 


+ (y  - t)2 


dt 


where  kQ,  y are  as  before  and 


1/2 


(153) 


In  the  calculation  of  transmittance  using  direct  integration  over  the  absorption  lines 
(Section  5)  the  greatest  accuracy  can  be  obtained  only  by  using  the  Voigt  profile  to  describe 
the  line  shape.  A compromise  in  simplicity  to  the  exclusive  use  of  the  Lorentz  profile  for  all 
altitude  regimes, as  is  usually  done  in  calculation  by  band  models  (Section  8),  results  in  an 
error  which  is  often  unacceptable.  Calculation  using  the  Voigt  profile,  however,  imposes 


120.  S.  R.  Dray  son,  Atmospheric  S’ant-Fath  Transmission  In  the  15p  CO2  Band,  Report  No. 
05865-6-T,  University  of  Michigan,  Amt  Arbor,  1964. 

121.  C.  Young,  "Calculation  of  the  Absorptlor  " efficient  for  Lines  with  Combined  Doppler- 
Lorenti  Broadening,”  J.  Quant.  Spect.  R.  ..  Trans.,  Vol.  5,  1965,  pp.  549-552. 
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hardships  in  terms  of  computer  time;  and  methods  have  been  described  in  ihe  literature 
(e.g.,  see  Refs.  [121|and  (122) for  easing  the  complications  in  computation.  Drayson,  by  pri- 
vate communication,  has  indicated  a computer  routine  explained  in  a paper  to  be  published  soon. 
This  routine  is  currently  part  of  his  method  of  performing  a direct  integration  of  individual 
absorption  lines  for  calculating  atmospheric  transmittance,  and  uses  what  he  considers  to  be 
the  best  of  the  Young  and  Armstrong  techniques. 

Drayson's  aim  in  setting  up  a special  computer  routine  is  to  achieve  both  rapid  computa- 
tion and  an  accuracy  in  transmittance  good  to  approximately  one  digit  in  the  fourth  decimal  place. 
In  order  to  achieve  this  trade-off,  he  set  up  several  regions  in  the  u - y plane  to  define  limiting 
values  of  these  variables  for  which  different  calculational  techniques  were  used.  They  were  set 
up  as  follows  (see  Figure  18): 

Region  I.  y s 1.0,  u * 5.0  - 0.8y 

2 j 2 

Dawson's  function, F(x)  = e"X  | e dt  is  first  evaluated: 

0 

(a)  0sus2  Series  expansion  [123  j 

(b)  2 <u  < 4.5  Chebyshev  expansion  [124 1 

(c)  4.5  s u Asymptotic  expansion  [123  ’ 

followed  by  Taylor  series  expansion  [125]. 

Region  II.  y > 1.0  and  u < 1.85  (3.6-u) 

Continued  fraction  i!26j. 

Region  III.  All(u,  y)not  In  I and  II 

(a)  y i 11.0  - 0.6875u  2-point  Gauss-Hermite  quadrature 

(b)  y < 11.0-0.6875u  4-point  Gauss-Hermite  quadrature 


122.  B.  H.  Armstrong,  "Spectrum  Line  Profiles:  The  Voigt  Function,"  J.  Quant.  Spect.  Rad. 
Trans.,  Vol.  7,  1987,  pp.  61-88. 

123.  A.  Erdelyl,  et  al.,  Higher  Transcendental  Functiors,  Vol.  2,  Mc'Jraw-Hill,  N.  Y.,  1953, 
p.  147. 

124.  D.  Hummer,  Maths.  Comput.,  Vot.  18,  1964,  p.  317. 

125.  V.  Feddeyeva  and  N.  Tarentev,  Tables  of  the  Probability  Integral  for  Complex  Argu- 
ment, Pergamon  Press,  N.  Y.,  1061. 

126.  B.  Fried  and  S.  Conte,  The  Plasma  Dispersion  Function,  Academic  Press,  N.  Y., 

1961. 
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4.4  DETERMINATION  OF  TRANSMITTANCE  OR  ABSORPTANCE 

Four  different  forms  for  k(v)  have  been  stated,  each  for  n accurately  representing  the  shape 
of  a spectral  line  if  the  appropriate  conditions  are  satisfied.  Therefore,  to  completely  specify 
the  absorption  from  Eq.  (147),  it  is  necessary  to  substitute  the  appropriate  form  of  k(v). 

Let  us  assume  that  *hr  spectral  interval  over  which  Eq.  (147)  is  defined  contains  many 
spectral  lines.  Then  we  have 


Aa  = 1 - t. 
Av  Av 


1 - exp 


Av 


N~  *0, 


Y1  rk^vjpfxjdx 

L.  i~l  J0 


d v 


(154) 


Equation  (154)  is  the  general  equation  for  specifying  the  absorption  of  a given  species  over  an 
atmospheric  slant  path,  with  the  range  of  pressures  encompassed  by  the  path  defining  the  spe- 
cific form  for  the  absorption  cnefiicient  k(v). 


To  better  understand  the  parameters  that  must  be  specified  before  Eq.  (154)  can  be  eval- 
uated, let  us  assume  that  the  slant  path  is  such  that  the  Lorcntz  line  shape  is  valid.  Then  Equa- 
tion (154)  oecomes 


d v 


(155) 


The  summation  is  over  the  total  number  of  lines  in  the  spectral  interval  and  Sn  is  the  strength 
of  the  n-th  line,  a is  the  half-width  of  the  n-th  line,  and  Vq  is  the  center  frequency  of  the  n-th 
line.  n 

We  shall  see  in  Section  5 that  Eq.  (155)  can  be  solved  by  a method  known  as  the  line-by- 
line, oi  direct  integration  method,  used  by  a number  of  investigators.  There  are  reasons, 
however,  why  this  method  is  often  shunned,  the  largest  being  the  cost  of  performing  a calcula- 
tion of  this  sort.  The  logical  step  in  lieu  of  this  is  to  resort  to  calculation  by  the  use  of  band 
models. 


The  problem  of  determining  slant-path  transmission  spectra  is  then  to  evaluate  Eq.  (155) 
for  each  frequency  within  the  spectral  interval  of  interest.  To  perform  this  evaluation,  the 
following  four  parameters  must  be  specified: 

(1)  The  shape  of  each  spectral  line 

(2)  The  location  of  each  spectral  line 

(3)  The  strength  ai»i  half-width  of  each  line  and  their  variations  with  temperature  and 
pressure 

(4)  The  density  of  the  absorber  at  each  point  in  the  path. 
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4.5  DETERMINATION  OF  LINE  PARAMETERS 

4.5.1  TECHNIQUES  OF  BENEDICT  AND  COLLABORATORS 

The  determination  of  line  parameters  is  inseparably  dependent  on  accurate,  highly- 
resolved  laboratory  spectral  data  from  the  molecules  of  atmospheric  constituents,  and  on 
practicable  theories  predicting  the  physical  characteristics  of  molecules.  As  already  indicated, 
there  are  a number  of  things  which  have  to  be  known  about  an  absorbing  molecule  before  cal- 
culations can  be  made,  among  which  are  the  strengths  of  the  individual  lines  and  knowledge  of 
the  shapes  of  the  lines,  as  well  as  precise  determinations  of  the  spectral  position  of  the  centers 
of  the  lines.  Presumably,  all  of  these  factors  could  be  obtained  exclusively  from  ? well- 
designed  experiment  measuring  the  spectral  absorptance  of  a collection  of  the  molecules  as  a 
gas.  In  practice,  however,  certain  physical  limitations  arise  to  thwart  attempts  to  do  so,  and 
one  must  resort,  in  absorptance  calculations,  to  the  results  of  theoretical  determinations  of 
line  parameters,  using  the  best  of  both  techniques  in  a complementary  fashion  to  derive  those 
values  which  can  most  realistically  reproduce  more  general  experimental  results. 

In  outlining  techniques  for  getting  line  parameters  from  laboratory  experimental  data,  we 
have  chosen  to  emphasize  the  method  delineated  by  Benedict,  et  al.  [127,  128 J because  tAe  reader, 
in  later  checking  details,  will  find  their  treatment  to  be  probably  more  complete  than  that  of 
other  authors.  But  it  should  be  understood  that  the  approaches  of  other  investigators,  whtch 
do  not  differ  greatly  from  those  of  Benedict,  et  al.,  or  from  each  other,  are  equally  valid. 
Actually,  the  refinements  reported  in  later  papers  are  required  reading  for  the  person  whose 
interest  goes  beyond  the  rudiments.  In  fact,  since  the  treatment  here  is  more-or-less  super- 
ficial, the  reader  will  want  to  consult  the  original  papers,  and  perhaps  delve  into  other  texts  as 
well.  To  cite  only  a few,  there  are  the  texts  of  Penner  [129  j and  Goody  (1964),  as  well  as  the 
paper  of  Korb,  Hum  and  Plyler  [ 130 1 , and  the  report  by  Burch  and  Gryvnak  [131].  Goody  treats 


127.  V/.  S.  Benedict,  R.  Herman,  S.  Moore  and  S.  Silverman,  "The  Strengths,  Widths  and 
Shapes  of  Infrared  Lines,  1.  General  Considerations,"  Canadian  J.  of  Physics,  Vol.  34, 
1956(a),  pp.  830-849. 

128.  W.  S.  Benedict,  R,  Herman,  S.  Moore  and  S.  Silverman,  "The  Strengths,  Widths  and 
Shapes  of  Infrared  Lines,  II.  The  HC1  Fundamental,"  Canadian  3.  of  Physics,  Vol.  34, 
1956(b),  pp.  850-875. 

129.  S.  Penner,  t^antitatlve  Molecular  Spectroscopy  and  Gas  Emtssivitles,  Addlson-Weoley, 
Reading,  Mass.,  1959. 

130.  C.  L.  Korb,  R.  Hunt  and  E.  Plyler,  "Measurement  of  Line  Strengths  at  Low  Preesures: 
Application  to  the  2-0  Band  of  CO,"  3.  Chem.  Phys.,  Vol.  48,  No.  9,  May  1968, 

p.  1452. 


131.  D.  E.  Burch  and  D.  A.  Gryvnak,  Strengths,  Widths  and  Shapes  of  the  Lines  of  the  3v  CO 
Band,  Report  No.  U-3S72,  Philco-Ford  Corporation,  1967. 
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Doppler  broadening  of  the  Lorentz  profile.  Korb,  Hunt  and  Plyler  give  base  and  wir.g  correc- 
tions. Burch  and  Gryvnak  and  other  authors  have  investigated  the  corrections  described  by 
Benedict,  et  al.  to  the  Lorentz  line  in  the  far  wings. 

Usually  the  investigator  responsible  for  calculating  line  parameters  either  gathers  his 
own  laboratory  results,  or  works  in  collaboration  with  the  experimentalist.  He  can  then  assure 
himstlf  of  the  accuracy  of  the  laboratory  results,  or  accept  full  responsibility  for  the  erroneous 
results  to  follow.  This  means  that  gas-handling  techniques  must  be  impeccable,  because  min- 
ute quantities  of  foreign  gases  can  at  times  introduce  serious  errors.  In  addition,  the  best  tech- 
niques must  be  applied  to  measuring  the  physical  properties  of  the  gas  samples,  concentrations, 
pressures,  temperatures,  etc.:  as  well  as  to  measuring  the  sometimes  minute  signals  at  the 
output  of  the  spectrometer.  With  the  precisely  known  wavelengths  of  certain  standard  emitters 
and  absorbers,  there  is  hardly  any  difficulty  in  establishing  a standard  from  which  all  line 
centers  can  be  read,  once  the  position  of  the  line  center  on  the  output  chart  is  precisely  located. 

If  one  can  measure  the  equivalent  width  (see  Section  4.3)  of  a spectra’  line  at  different  op- 
tical depths,  he  often  has  the  essential  experimental  information  needed  for  determining  line 
parameters.  In  the  infrared  region,  however,  even  those  spectrometers  with  the  highest  prac- 
ticably achievable  resolution  have  spectral  slit  widths  which  are  noticably  larger  than  the  half- 
width of  a spectral  line,  though  in  the  better  cases  they  are  on  the  order  of  the  half -width. 

One  cannot  expect,  therefore,  to  reproduce  the  exact  spectral  shape  of  the  line,  but  only  an 
approximation  to  it,  resorting  to  calculation  for  yielding  the  true  shape.  However,  Fenner 
(1969)  and  others  (e.g.,  Benedict,  et  al.,  1956b)  have  shown  that  the  equivalent  width  of  a spec- 
tral line  is  independent  of  the  sl.'t  function  of  the  spectrometer,  although  the  distortion  of  the 
line  by  the  slit  can  be  considerable  as  demonstrated  in  Figures  19,  20,  and  21.  In  each  of  these 
figures,  one  sees  the  exact  shape  of  a pressure-broadened  line  with  a given  shape  factor,  along 
with  the  distortions  caused  by  a triangular  slit  function  and  by  a rectangular  slit  function. 

Table  5 (reproduced  from  Benedict,  et  al.,  1956b)  shows  that  the  equivalent  width  is  unaffected 
on  the  basis  of  experimental  evidence^  even  when  the  slit  function  changes  in  width  by  nearly 
an  order  of  magnitude  from  0.24  cm-1  to  1.78  cm  * in  the  measurement  of  the  spectrum,  say, 
of  HC1. 

Although  it  is  not  always  recommended  in  actual  practice,  in  most  calculations  the  Lorentz 
line  sl-ape  is  assumed  as  an  approximation  to  the  true  shape,  with  corrections  being  made  to 
account  for  discrepancies  caused  by  deviations  from  the  Lorentz  shape.  An  expression  is 
given  in  Section  4.3  for  the  Lorentz  line  shape  as  well  as  for  the  Doppler  line  shape,  which 
becomes  effective  at  low  pressures.  Even  in  those  cases  where  the  influence  of  pressure  on 
the  broadening  overcomes  the  Doppler  effect,  the  Lorentz  shape,  while  quite  accurate  near  the 
line  center,  is  sometimes  only  a rough  approximation  in  the  wings.  Because  of  the  exceedingly 
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FIGURE  19.  SPECTRAL  /3S0RPTANCE,  A(y),  and  smoothed 
ABSORPTANCES  AS  FUNCTIONS  OF  (y  - yQ),  THE  DISTANCE 

FROM  LINE  CENTER,  u = c*L/aD(«n  2)1/2;  <*L  = Lorentz  half-width; 

aD  = Doppler  hall-width  = 0.10  cm**;  Ay*  = Slit  function  limiting 
width.  (Adopted  from  Penner,  1959  [129].) 
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FIGURE  20.  SPECTRAL  ABSORPTANCE,  A{v),  AND  SMOOTHED 
ABSORPTANCES  AS  FUNCTIONS  OF  (✓  - vn),  THE  DISTANCE 

1 /oU 

FROM  LINE  CENTER,  u = a^/a^tn  2)"  ; «L  = Lorentz  half-width; 

Op  ^ Doppler  half-width  = 0.10  cm  Au*  = Slit  function  limiting 
^ width.  (Adopted  from  Penner,  1959  [129].) 
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FIGURE  21.  SPECTRAL  ABSORPTANCE,  A(i/),  AND  SMOOTHED 
ABSORPTANCES  AS  FUNCTIONS  OF  (i>  - */Q),  THE  DISTANCE 

FROM  LINE  CENTER,  u = a^/a ^(fn  2)*^;  = Lorentz  half-width; 

<*D  = Doppler  half -width  = 0.10  cm  1;  £u>*  = Slit  function  limiting 
width.  (Adopted  from  Penner,  1959  [129].) 
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TABLE  5.  EXAMPLES  TO  INDICATE  THE  INDEPENDENCE  OF  EQUIVALENT 
WIDTH  UPON  SPECTRAL  SLIT  WIDTH  (From  Benedict,  et  al., 

1956a  [ 128]  .) 


Slit  (cm'1) 

R(5) — HC135 
W (cm*1) 

R(5)-KC131 
W (cm*1) 

0.24 

0.525 

0.322 

0.29 

0.546 

0.306 

0.34 

0.564 

0.327 

0.41 

0.560 

0.319 

0.47 

0.566 

0.322 

0.71 

0.538 

0.314 

1.02 

0.536 

0.308 

1.78 

0.522* 

0.297* 

♦These  values  were  obtained  by  measuring  the  sum  of  the  HCi33  and  HCI"* 
lines  and  decomposing  this  area  in  the  theoretically  expected  ra'io  for 
these  lines,  HC135/HC137  = (3.07)1/2. 
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small  absorption  in  the  wings,  however,  it  is  usually  impossible  to  observe  an  effectgreaterthan 
the  noise  of  the  measurement  system.  It  becomes  necessary  to  make  a correction,  therefore,  to 
the  equivalent  width  of  the  spectral  line  as  obtr'ned  by  Integration.  Corrections  for  the  wings 
of  a rotational  line  in  the  HCl  spectrum  (Benedict,  et  al.,  1956b)  are  shown  in  Table  6. 

To  the  extent  that  a spectral  line  ran  be  isolated  in  an  absorption  experiment,  the  area 
under  the  line  is  exactly  represented  (provided  a Icrentz  shape  can  be  assumed)  by  the 
Ladenburg-Reiche  equation  [132]  (refer  to  Section  5.2.2): 

W = 2iraLL(W 
where 

LW0  = ^e"^[I0(^)  + Ijfl/)] 

and* 

p = Sw/ (2  not  ) 

If  the  experiment  is  run  at  different  pressures  and  path  lengths  a typical  pair  of  spectra  as 

shown  in  Figure  22  (taken  from  Benedict,  et  al.,  1956b)  may  be  obtained.  This  particular  ex- 

^5  17 

ample  shows  tracings  of  part  of  the  R-branch  of  HCl  with  the  two  isotopes  HCl  and  HCl' 
being  demonstrated  for  two  different  pressures  in  the  absorption  cell,  and  two  different  path 
lengths.  Taking  the  area  under  each  line,  say  at  R(2),  one  obtains  the  equivalent  width,  W, 
which,  when  divided  by  the  pressure  (obtaining  W°)  and  plotted  against  pressure,  yields  a curve 
such  as  that  shown  in  Figure  23  (taken  from  Benedict,  et  al.,  1956b).  One  notes  that  for  a large 
portion  of  the  curve  the  value  W°  is  independent  of  pressure,  as  indeed  it  should  be  for  a 
Lorentz  shape.  In  order  to  reproduce  the  experimental  points  theoretically,  Benedict,  et  al. 
had  to  include  Doppler  broadening  in  their  calculations  for  low  pressures  and  overlapping  of  the 
isotopic  lines  for  high  pressures.  By  making  the  rppropriate  adjustments  for  these  deviations 
one  can  obtain  a series  of  values,  W°,  for  a large  range  of  path  lengths.  According  to  Section  5, 
W°  is  proportional  to  die  value  of  p for  small  quantities  of  the  absorber,  and  proportional  to 
for  large  quantities.  Benedict,  et  al.,  evaluate  W°  of  HCl  for  a number  of  cell  path  lengths  (note 
that  p * 1)  varying  from  0.028  to  140  cm. 

Having  so  obtained  the  values  of  W°  and  w (the  absorber  amount)  for  any  given  experiment, 
one  can  plot  log  W°  versus  log  w,  superimpose  this  on  a plot  of  the  Ladenburg-Reiche  curve  as 

‘Note  that  we  have  used  w for  the  absorber  amount  instead  of  f.  as  used  by  Benedict,  et  al. 
in  order  to  retain  consistency  with  its  common  use  in  the  report.  Thus,  w here  corresponds  to 
the  path  length.  ~ 

1S2.  R.  Ladenfcurj  and  F.  Relche,  ''Ob'.r  Selekttve  Absorption,"  Ann.  Phys.,  Vol.  42,  1813, 

p.  181. 
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TABLE  6.  EXAMPLES  OF  TYPICAL  WING  CORRECTIONS  IN  EQUIVALENT 
WIDTH  MEASUREMENTS.  Lines  R(0)  of  HC1,  path  length  0.109  cm;  W°  values 
are  in  cm'*  atm"*.  (From  Benedict,  et  al.,  1956a  [ 123].) 


W°. 

HC135 

W°. 

HC137 

Run 

Uncorrected 

Corrected 

Uncorrected 

Corrected 

1 

0.3922 

0.4205 

0.1401 

0.1574 

2 

0.4258 

0.4473 

0.1523 

0.1694 

3 

0.3714 

0.4056 

0.1309 

0.1502 

4 

0.4117 

0.4415 

0.1530 

0.1676 

5 

0.4291 

0.4536 

0.1425 

0.1670 

average 

0.4060 

0.4337  cm'1 

0.1438 

0.1623  cit 

Std.  dev. 

0.0217 

0.0180 

0.0082 

9.0072 

i 
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R({)  R(3)  R(4) 


FIGURE  22.  EXAMPLES  OF  THE  TYPE  OF  ABSORPTION  SPECTRA  OF  HC1  FROM  WHICH 
EQUIVALENT  WIDTH  MEASUREMENTS  WERE  MADE  ILLUSTRATING  TYPICAL  SIGNAL- 
TO -NOISE  RATIOS  AND  RESOLUTION  EMPLOYED.  The  lower  tracing  taken  at  w = 0.028  cm 
and  P = 1 atm  shows  R-branch  lines  in  the  linear  region  of  the  curve  of  growth.  The  upper 
tracing  taken  at  w = 20  cm  and  P = ~0,01  atm  shows  the  same  lines  in  the  s^oare-rcot 
region.  (Redrawn  from  Benedict,  et  aJ.,  1956b  [ 120]  .) 
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shown  in  Figure  24,  and  fit  the  experimental  points  to  the  theoretical  curve.  The  intersection 
of  the  asymptote  for  the  "linear"  portion  of  the  curve  with  the  vertical  line  corresponding  to 
log  W = 0,  yields  the  value  log  S°  (S°  = S/P).  In  addition,  since  the  asymptote  for  the  linear 
and  square  root  portions  of  the  curve  must  have  slopes  of  1 and  1/2,  respectively,  the  intersection 
of  these  two  straight  lines  defines  the  value  W°  = 4o°  |a°  = 6*nce: 

L«0  s +(1  - V//2  + . . .) 

with 

w°  - W/P  3 S°wjl  - wyjW*®}  + . . .J; 
and  for  large 

L(i^)  s (2^/v)1/2[1  - 1/(8*)  + . . .] 

with 


In  the  paper  (Benedict,  et  si.,  1956b)  which  accompanied  the  tutorial  paper  (Benedict,  et  al., 

1956a)  being  discussed  In  this  section,  the  same  investigators  applied,  in  addition  to  purely 

35  37 

analytical  techniques,  the  graphical  method  outlined  atove  to  the  HC1  and  HC1  molecules 
and  the  curve  of  growth  reproduced  in  Figure  25  for  a few  of  the  lines.  Using  line  strengths 
calculated  on  another  basis  they  plotted  the  abscissa  as  S°w  insteau  of  just  w so  that  the  curves 
of  growth  of  ail  Hues  would  coincide  in  the  linear  region.  In  this  way,  they  Intended  to  investi- 
gate what  differences  existed  in  line  widths  In  the  square  root  region.  The  Intersection  of  the 

o -1 

asymptotes  for  lines  with  small  J's  yields  a value  = 0.218  cm  * atm  . Note,  however, 
that  for  the  example  shown  for  higher  J values  the  asymptote  drops  below  that  for  low  J values. 
On  an  experimental  basis,  therefore,  this  means  that  the  half -widths  are  narrower  for  lines 
with  higher  rotational  quantum  numbers.  In  fact,  as  Figure  26  shows,  there  Is  a considerable 
variation  In  with  the  value  of  the  rotational  quantum  number. 


Another  method  described  In  the  tutorial  paper  is  that  of  determining  the  strength-width 
products  and  shapes  from  measurements  of  the  breadths  of  strong  lines.  The  breadth,  b,  is 
the  actual  width  of  the  absorption  measured  at  a given  optical  depth,  where 


S°a°wP 


»(«£ I2" 


'[fr  - v2  * (°lp)2]  ■ v2  * Ktf 


end 


b = 2(i/  - p0) 
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FIGURE  23.  PLOT  OF  W°  VERSUS  PRESSURE  FOR  LINES  R(2)  OF  HC135  AND  HCV* 
Showing  experimental  points  and  theoretical  curves  calculated  for  Lorentz  collision 
broadening  and  including  the  effects  of  both  Doppler  broadening  and  overlapping  of 
isotropic  lines.  (Redrawn  from  Benedict,  et  al.,  1956b  [ 128] .) 


i 


FIGURE  24.  PLOT  OF  THE  LADENBURG-REICH  FUNCTION.  Showing  alno  tile  ) 

limiting  small  ("linear")  and  large  t/'  (’'square-root")  asymptotes.  (Redrawn  { 

from  Benedict,  et  al.,  1958b  [ 128] .)  J 
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FIGURE  26.  EXPERIMENTAL  VALUES  OF  LINE  WIDTHS  PER 
ATM  (aL0)  VERSUS |raj FOR  THE  HCL  1-0  BAND.  The  theoreti- 
cal curve  to  that  calculated  lor  the  resonant-dipole-bllUard  ball 
(RDBB)  approximation.  The  corresponding  collision  diameters 
b are  given.  Line  widths  measured  by  Llndholm  In  the  4-0  band 
are  shown  Icr  comparison.  (Redrawn  from  Benedict,  et  al., 
1956b  [128].) 
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is  related  to  the  strength-width  product  by: 


The  value  d «°  In  the  correction  term  is  an  estimate.  Since  the  breadth  cannot  be  measured 
L 

directly  from  experimental  data,  two  corrections  must  be  made,  the  first  for  the  spectrometer 
slit  function  which,  for  a triangular  silt  of  width  a,  is  written: 

and  the  second  for  overlapping  lines.  Note  than  the  slit  width  correction  is  zero  for  q = 3/2 
and  small  for  b lrrge.  The  simplest  and  perhaps  least  accurate  approach  to  overlapping  cor- 
rection is  to  assume  an  Elsasser  distribution  of  lines  from  which  the  corrected  value  of  the 
strength-width  product  (incorporating  also  the  slit  function  o -rection)  becomes: 


where  d is  the  constant  spacing  of  the  Elsasser  lines.  When  greater  accuracy  is  required  the 
Elsasser  approximation  must  be  dropped  and  the  contribution  of  the  overlapping  lines  to  the 
absorptions  at  the  line  of  interest  calculated  directly,  if  the  frequency,  strength  and  width  of 
the  interfering  lines  are  known.  Since  the  correction  for  overlap  is  relatively  small,  these 
values  can  probably  be  estimated  from  other  methods  of  measurement. 

A third  method  of  determining  line  structure  is  derived  by  Benedict,  et  al.,  but  will  not  be 
described  here.  The  reader  is  referred  to  the  original  text  of  these  investigators.  As  stated 
in  the  tutorial  article,  if  the  same  is  obtained  from  all  methods,  then  the  validity  of  the 
Lorentz  shape  is  demonstrated  over  the  frequency  range  spanned  by  the  calculations.  The 
authors  consider  the  equivalent  width  measurement  to  be  the  best  method  for  obtaining  the 
Lorentz  a?  since  it  favors  the  regions  near  the  line  center  which  are  probably  determined  by 

li 

the  Impact  theory. 

4.5.2  LOW-RESOLUTION  TECHNIQUES 

The  methods  exemplified  by  the  work  of  Benedict  and  his  co-workers  are  not  the  only  ones 
that  can  be  used  to  determine  line  parameters.  Aside  from  techniques  used  for  determining 
band-model  parameters,  discussed  in  Section  5.2.8,  there  are  ethers  employing  low  resolution 
measurements,  i.c.,  resolution  not  sufficient  to  resolve  individual  lines.  The  simplest  (and  least 
accurate)  method  is  to  extrapolate  data  to  zero  absorption.  Assuming  weak-line  approximation 
valid  under  these  conditions,  the  slope  of  the  absorption  (Sw)  (see  Section  6)  plotted  against 
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tl.e  amount  of  absorber,  w,  gives  the  band  strength  S.  A good  example  of  a molecule  for  which 
this  method  has  been  applied  is  that  of  ozone.  References  to  this  technique  are  Walshaw  [133] 
and  McCaa  and  Shaw  [134]. 

More  sophisticated  techniques  may  be  employed  if  one  has  a good  idea  of  the  positions  of 
the  lines  in  the  absorption  bands.  By  choosing  different  band  strengths  and  half -width,  one  can 
perform  a direct  line-by-line  calculation  (see  Section  5)  to  obtain  the  absorption  for  the  same 
conditions  used  in  the  ejrperimental  measurement  of  absorption  with  moderate  spectral  resolu- 
tion. The  parameters  are  adjusted  until  one  obtains  satisfactory  agreement  between  the  theo- 
retical and  experimental  values  of  absorption.  This  method  was  used  by  Drayson  [135]  in  the 
determination  of  transmittance  for  use  in  the  remote  measurement  of  atmospheric  pretties  of 
temperature,  and  water  vapor  and  ozone  concentrations. 

4.5.3  LASER  METHODS 

As  opposed  to  the  methods  in  the  preceding  section,  we  are  able  to  obtain  much  higher  res- 
olutions with  the  use  of  lasers  than  with  conventional  spectroscopic  techniques.  Lasers  with 
fixed  frequency  are  useful  for  gases  for  which  they  have  been  constructed,  such  as  CO^.  By 
changing  the  mode  of  the  laser,  the  parameters  of  many  different  lines  can  be  measured.  By 
varying  the  pressure  of  the  gas  in  the  absorption  cell,  the  shape  of  the  line  can  vary  from 
nearly  purely  Doppler-broadened  to  purely  Lorentz-broadened.  Elyand  McCubbin  [136],  for 
example,  have  determined  the  temperature  dependence  of  the  self-broadened  half -width  of  the 
P-20  line  in  the  001-100  band  of  COj  using  a COg  - Nj  laser  with  a cavity  1.3  m leng. 

To  get  greater  versatility,  it  is  necessary  to  use  a tunable  laser.  In  the  infrared  region, 
the  most  useful  types  presently  are  diode  lasers  which  can  be  tuned  over  a span  of  several 
wavenumbers,  giving  one  the  opportunity  to  scan  individual  lines  with  virtually  "infinite" 


133.  C.  Walshaw,  'Integrated  Absorption  by  the  9.6  jim  Band  oi  Osone,"  Quant.  J.  Roy. 
Me*eorol.  Soc.,  Vol.  83,  1937  pp.  315-321. 

134.  D.  J.  McCaa  and  J.  H.  Shaw,  "The  Infrared  Spectrum  of  Ozone,”  J.  Mol.  Epee.,  Vol.  25, 
pp.  374-S97. 

135.  S.  R.  Drayson,  "Transmittance*  for  Use  In  Remote  Soundings  of  the  Atmosphere," 
Space  Research  XI,  Alademie-VerJag,  Berlin,  1971,  p.  565. 

138.  R.  Ely  and  T.  McCubbin,  "The  Temperature  Dependence  of  the  8elt -Broadened  Half 
Width  of  the  P-20  Line  in  the  001-100  Band  >f  COe,"  Appl.  Opt.,  Vol.  9,  Ko.  6,  May 
1970,  p.  1230. 
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resolution.  The  reader  Is  referred  to  Hinkley,  Nlll  and  Blura  [137]  for  a further  elaboration 
of  the  subject  matter.  We  should  expect  to  see  many  further  developments  In  this  field  of  en- 
deavor with  the  use  of  tunable  lasers. 

4.6  DESCRIPTION  OF  THE  LINE  PARAMETERS  OF  THE  MAJOR  ABSORBERS 

The  task  of  calculating  atmospheric  transmittance  (or  atmospheric  radiance)  from  the 
infinitely  resolved  line  structure  of  atmospheric  molecules  is  straightforward,  but  is  also 
lengthy,  time-consuming,  and  can  be  costly.  Not  so  straightforward,  however,  is  ihe  process 
of  accumulating  the  enornous  quantity  of  data  required  to  make  a line-by-line  calculation.  For 
each  absorbing  molecule  in  the  atmosphere,  a number  of  important  parameters  are  needed, 
among  which  is  the  exact  (to  within  the  accuracy  required  or  available)  position  of  each  line 
in  the  spectrum  which  is  considered  effective  in  contributing  to  the  absorption  d radiation.  In 
accumulating  line  data,  a decision  to  retain  or  reject  a line  is  made  based  on  its  intensity 
relative  to  some  predetermined  criterion.  The  strength  of  each  line  is  another  essential  pa- 
rameter in  the  calculation  of  atmospheric  radiance,  along  with  the  line  width  and  the  energy  cf 
the  lower  state  in  the  transitions  which  produces  the  line. 

These  parameters,  in  addition  to  the  quantity  of  absorber  present,  are  the  least  of  the 
totality  needed  for  making  an  absorption  calculation;  and  even  then,  only  the  standardized  con- 
ditions for  which  the  parameters  were  formulated  are  used.  For  more  generalized  calculations, 
allowing  for  changes  in  atmospheric  conditions,  other  parameters  such  as  temperature,  pres- 
sure, and  specific  characteristics  of  the  molecule  must  be  explicitly  entered  into  the  calcula- 
tion. These  parameters  are  no  more  than  are  usually  needed  for  any  other  calculation,  but  when 
they  are  coupled  with  the  enormous  quality  of  data  involved  in  a line-by-line  calculation  of  atmo- 
spheric absorption,  the  result  is  a relatively  large  expenditure  of  computer  time.  Methods  for 
reducing  the  time  involved  In  line-by-line  calculations  will  be  demonstrated  in  the  ensuing  section. 

4.6.1  ACCUMULATION  OF  LINE  DATA 

A lot  of  work  has  been  done  for  a number  of  years  In  studying  the  properties  of  molecules 
in  relation  to  their  radiative  characteristics.  In  his  bibliographic  volume,  Laulainen  (1972) 
cites  references  dating  back  to  1940.  For  this  report,  it  is  sufficient  te  refer  to  some  of  the 
significant  work  started  about  10  years  ago,  and  which  has  continued  by  various  investigators 


I 

137.  E.  D.  Hinkley,  K.  Kill  and  3.  Blum,  "Lager  Spectroscopy  of  Atom*  and  Molecalea," 
Topic*  in  Ajq>lle<t  Phyelca,  Vol.  S,  II.  Walther  (®d.)„  Sprln^er-Vei-big,  Berlin,  1874. 
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up  to  the  present  time.  McClatchey,  et  al.  [338]  cite  the  work  of  Gates,  et  al.  [139]  as  the 
initiation  of  continuing  effort  aimed  at  compiling  spectroscopic  data  on  the  vibration-rotation 
structure,  first  of  I^O  vapor  in  the  2.7  /im  region,  a id  later  cf  COg  in  the  2.05  and  2.7  pm 
bands  [140];  and  of  vapor  in  the  1.9  and  6.3  pm  bands  [141]. 

The  only  existing  complete  compilation  of  line  parameters  (McClatchey,  et  al.,  [138]) 
appears  to  trace  a lineage  of  government-supported  work  from  which  it  evolved.  Much  cf  this 
work  was  originally  v-.tcted  less  toward  completeness  than  toward  specificity.  However, 
McClatchey,  et  al  acknowledge  the  work  of  earlier  investigators  as  establishing  a solid  base 
of  information,  in  addition  to  that  cited  above.  Among  those  cited  are  the  w rk  of  Drayson 
and  Ycu;:g  [142]  tor  the  15  pm  bands  of  CO^;  Clough  and  Rneizys  [143]  for  the  9.6  pm  bands 
of  Ogj  Kunde  [144]  for  the  CO  fundamental  bands  near  5 pm;  Kyle  [145,  146]  for  the  CH^  bands 
near  3 and  7.5  pm;  and  the  unpublished  rotational  structure  of  HgO  vapor  from  Benedict  and 
Kaplan  tabulated  in  Goody’s  (1964,  p.  84)  text. 


138.  R.  A.  McClatchey,  et  al.,  AFCRL  Atmospheric  Absorption  Line  Parameters  Compilation, 
Report  Ho.  AFCRL-TR-73-00B6,  Air  Force  Systems  Command,  1973, 

139.  D.  M.  Oates,  R.  F.  Calfee  and  D.  W.  Hansen,  et  al.,  Line  Parameters  and  Computed 
Spectra  for  Water  Vapor  Bai.xis  at  2 ,?i>,  National  Bureau  of  Standards,  Monograph  No. 

71.  1964. 

140.  R.  F.  Calfee  and  W.  S.  Benedict,  Carbon  frentde  Spectral  Line  Positions  and  Intensities 
Calculated  for  the  2.05  and  2.7  Micron  Regions,  Technical  Note  332,  National  Bureau 

of  Standards,  I960. 

141.  W.  S.  Benedict  and  R.  F.  Calfee,  Line  Parameters  for  the  1.9  and  6.3  micron  Water 
Vapor  Bands,  ESSA  Profecslonal  Paper  2,  (June  1987)  U.  S.  Government  Printing 
Office,  June  1867. 

142.  8.  R.  Drayoon  and  C.  Young,  The  Frequencies  and  Intensities  of  Carbon  Dlovlde  Absorp- 
tion Lines  Between  12  to  18  Microns,  Report  N*.  08183-1 -T,  University  of  Michigan, 

Aon  Arbor,  1967. 

143.  8.  A.  Clough  and  F.  X.  Knetzys,  Ozone  Absorption  In  the  9.0  Micron  Region,  Report  No. 
AFCRL-65-862,  Air  Force  Cambridge  Research  Laboratories,  Bedford,  Mass.,  1965. 

144.  V.  G.  Kunde,  Tables  of  Theoretical  Line  Posllions  and  Intensities  for  the  AV  * 1,  AV  « 

2,  and  AV  = 3 Vibration-Rotation  Bands  of  C12018  and  C13O10,  NASA  Report  No.  TMX- 
83183,  Goddard  Space  Flight  Center,  Greenbclt,  Md.,  1867(a). 

145.  T.  G.  Kyle,  "Absorption  by  Doppler-Lorcntz  Atmospheric  Lines,"  J.  Quant.  Spent.  Rad. 
Trans.,  Vol.  8,  1838(a),  pp.  1455-1402. 

146.  T.  G.  Kyle,  Lins  Parameters  of  the  Infrared  MeUrana  Bands,  Report  No.  AFCRL-68- 
0521,  Air  Force  Cambridge  Research  Laboratories,  Bedford,  Mass.,  1638(b). 
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The  earlier  work  of  Drayson  and  Young  (1967)  has  been  revised  [147]  to  produce  more 

accurate  line  parameters  for  CO^  between  12  and  20  pm,  derived  mainly  from  the  laboratory 

measurements  of  Chaney  [148].  The  revision  has  resulted  in:  changes  in  positions  of  most  of 

the  lines  (but  small  ones,  of  less  than  0.05  cm'1);  changes  in  strengths;  and  additional  bands.  The 

* .1 

absolute  strengths  of  the  lines  included  were  restricted  to  those  greater  than  1 x 10  cm 

-1  .96  *1  -2 

(atm-cm)"1  at  300  K,  which  corresponds  to  about  4 x 10  cm  /(mol  cm  ),  the  units  recom- 
mended by  McClatchey,  et  al.  (1973).  These  values  are  approximately  a factor  of  2 higher  than 
the  lower  limit  set  in  the  compilation.  Note  also  that  these  units  differ  from  the  ones  presented 
earlier  in  this  section.  All  of  them  are  equally  valid  and  dependent  on  individual  usage. 

The  interested  reader  is  referred  to  t’re  bibliography  by  Laulainen  (1972)  for  an  insight 
into  the  huge  volume  of  spectral  information  available  in  the  literature,  some  of  which  pre- 
sumably influenced  the  derivation  of  the  compilation  of  line  parameters.  Much  of  the  latest 
Drayson  [147]  data  were  unavailable  for  inclusion.  These  data  would  not  alter  the  line  positions 
greatly,  although  a spot  check  of  Drayson’s  data  with  the  compilation  showed  differences  in  the 
intensities  of  the  order  of  a few  percent.  There  is  a good  account  in  the  report  by  McClatchey 
et  al.  of  those  data  which  directly  influenced  the  compilation,  the  product  of  an  effort  at  Air 
Force  Cambridge  Research  Laboratories  (AFCRL)  initiated  around  1968. 

Since  the  group  at  AFCRL  exerted  much  controlling  influence  on  the  separate  efforts  by  in- 
vestigators to  obtain  experimental  data  on  line  parameters,  they  were  able  to  elicit  many  of  the 
results  where  they  were  most  needed.  Indeed  some  of  the  authors  of  the  compilation  report  wore 
the  Investigators  responsible  for  generating  the  data.  In  general,  however,  the  sources  of  date 
on  line  parameters  are  relatively  widespread  with  a heavy  dependence  for  their  accuracy,  Indeed 
validity,  on  the  numerous  high-resolution  measuremnts  made  in  the  laboratory  and  in  the  field. 
Further  discussion  is  centered  on  the  subjects  of  laboratory  and  field  measurements  in  Section 9. 
Many  of  the  data  used  in  the  AFCRL  compilation  are  not  cited  in  Laulainen's  bibliography,  and 
conversely  many  of  the  references  cited  in  the  latter  work  apparently  were  not  used  in  compiling 
the  line  parameters.  The  reasons  for  the  choice  of  data  for  the  compilation  are  not  evident;  on 
the  other  hand,  it  would  be  ridiculous  even  to  contemplate  using  the  uncountable  quantity  of 
existing  data,  even  if  it  were  all  equally  good.  Furthermore,  much  of  the  work  cited  in  the 
compilation  is  derived  from  reports  of  government-sponsored  work  which  do  not  necessarily  get 
reported  in  the  open  literature.  These  references  would  not  necessarily  appear  in  the  usual 
bibliography,  since  they  are  often  unavailable  to  the  general  public. 

147.  S.  R.  Drayson,  A Listing  of  Wave  Numbers  and  Intensities  of  Carbon  Dioxide  Absorption 
Lines  Between  12  and  20 jira,  Report  No.  O30S5O-4-T,  University  of  Michigan,  Ann  Arbor, 

1073. 

148.  L.  W Chaney,  High  Resolution  Spectroscopic  Measurements  of  Carbon  Dioxide  and 
Carbon  Monoxide,  Re?t.  No.  036350-3-T,  University  of  Michigan,  Ann  Arbor,  1872. 
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Because  Ihe  AFCRL  compilation  is  one-of-a-kind,  it  is  appropriate  that  a list  of  the  subject 
matter  used  be  singled  out  here  for  critique  by  anyone  who  questions  its  specificity  or  com- 
pleteness. Many  of  the  references  cited  in  McClatchey,  et  al.  are  unavailable,  either  be- 

cause the  information  was  privately  transmitted  directly  from  the  researcher  to  the  authors, 
or  because  the  works  were  as  yet  unpublished  when  the  compilation  was  produced.  The  authors 

1 

are  quick  to  note  that  an  opus  of  this  magnitude  is  likely  to  contain  errors,  recognizing  that  its 
usefulness  will  be  determined  by  its  accuracy  and  completeness,  which  in  turn  are  assured  by 
the  cooperation  of  the  user  in  citing  new  laboratory  data  or  theoretical  work.  The  bibliography 
at  the  end  of  this  report  presents  works  related  to  the  various  absorbing  atmospheric  species. 

4.6.2  THE  AFCRL  COMPILATION 

The  compilation  generated  by  AFCRL  contains  data  on  over  100.000  lines,  mainly  in  the 
infrared  and  microwave  regions,  from  H^O,  CC>2,  O^,  NgO,  CO,  CH^  and  02  in  the  atmosphere, 
and  is  described  in  the  report  (McClatchey,  et  al.,  1973)  cited  earlier.  It  is,  presumably,  the 
most  nearly  complete  compilation  of  data  of  this  type,  derived  from  a number  of  sources.  I 

Whereas  many  investigators  ignore  the  presence  of  oxygen  in  the  absorption  spectrum  of  the 
atmosphere,  the  AFCRL  compilation  includes  it.  On  the  other  hand,  HNO^,  considered  to  be 
important  at  high  altitudes,  is  not  included  in  the  compilation.  The  effect  of  HNO^  is, to  be  sure, 
secondary  to  that  of  the  more  common  absorbing  gases.  And  of  course  the  more-or-les3  common 
atmospheric  polluting  gases  have  been  excluded,  probably  for  a number  of  reasons.  Their  im- 
portance is  secondary;  they  would  not  fit  into  the  scope  of  the  general  atmospheric  problem 
since  any  interest  in  them  would  be  provincial.  And  certainly,  some  have  exceedingly  compli-  j 
cated  structures,  with  far  less  data  collected  on  them  than  on  the  more  common  atmospheric 
constituents.  The  fact  that  HNO^  actually  falls,  to  a large  extent,  into  this  class  of  absorbers,  j 

may  be  the  reason  for  its  exclusion.  j 

j 

According  to  a statement  of  McClatchey,  et  al.  (1973),  the  compilation  is  available  to  per- 
sons interested  in  obtaining  it.  It  is  contained  on  magnetic  tape  in  7-track,'  8000  BII  characters,  j 
The  format  is  described  in  the  report  ami  will  not  be  reproduced  here.  It  contains  information  < 
on  the  positions  of  the  more  than  100,000  lines  included,  in  addition  to  the  line  strengths  and 
half -widths  corresponding  to  a temperature  of  293  K and  a pres'.ime  of  7 Cl  mm  Hg,  i,e.,  one 
standard  atmosphere.  For  ease  of  use  in  generalized  atmospheric  calculations,  tha  compila- 
tion also  includes  the  energy  of  the  ground  state  for  each  line,  as  well  as  several  sets  of 
Identification  numbers.  The  strengths  are  derived  on  the  basis  of  the  number  of  molecules  of  the 
isotopes  in  their  normal  abundance.  The  isotopic  abundances  used  are  shown  in  TaHe  7.  The  ■ 
nomenclature  used  is  given  in  the  following  example:  H^016H1-161.  For  usage  of  these  numbers,  f> 
see  McClatchey,  et  al.  (1973).  ■! 


FO*t*tm.r  wuow  fun  lavomatowcs.  the  UKJveitsfrr  or  mfcrkjan 


TABLE  7.  ISOTOPIC  ABUNDANCES.  (From  MeClatchey,  et  al.,  1973  [138 J.) 


imam  formerly  willow  run  laboratories,  the  univ^^sity  of  mkihksan 

i 

i 

Determinations  ox  the  values  compiled  in  the  report  by  McClatchey,  et  ,1.  are  evidently  an 
intricate  combination  of  theoretical  and  experimental  results,  each  being  used  as  a check  on  the  j 
other.  Included  in  the  report  is  a set  of  nomenclature  which  form  the  basir.  for  the  calculation  • 

I 

of  the  more  than  100,000  lines,  a printout  of  which  stacks  approximately  one  foot  high.  It  is  ] 
tediously  beyond  the  scope  of  this  report  to  reproduce  these  lines.  One  could  perform  many  of  j 
the  calculations  from  the  set  of  data  tabulated  In  the  report,  but  this  would  be  a rather  costly  j 
and  useless  task,  considering  that  the  line  parameters  apparently  are  available  to  anyone  who  \ 
has  a clean  tape  to  send  to  AfCRL.  j 

j 

Basically,  for  linear  molecules  (CO^  and  NgO),  the  compilation  originates  in  the  following 
equation  for  the  unperturbed  vibrational  energy  levels: 


(156)  ! 

i i J i J2i  kaj 

i 

where  the  v^  are  the  vibrational  quantum  numbers  and  f is  a quantum  number  (angular  momenturaj 
associated  with  the  degeneracy  introduced  by  the  quantized  aigular  momenta.  The  w,,  x,„  y... 

1 ljK 

and  g.^2  are  coefficients.  If,  this  form,  the  vibrational  energy  level  is  referred  to  the  lowest 
vibrational  energy  level.  Perturbations  of  these  energy  levels  to  account  for  different  effects 
results  in  a resolution  of  energy  level  degeneracies  and  a splitting  of  energy  levels.  Coupled 
with  multiplicity  of  lines  due  to  the  different  isotopes  of  any  given  molecule,  this  splitting  and  the 

i 

resultant  multiplicity  of  rotational  lines,  results  in  a large  number  of  lines  associated  with  any 
given  vibrational  band.  The  description  in  McClatchey,  et  al.  (1973)  of  the  energy  levels  for  i 

various  molecules  reflects  this  complexity,,  so  that  it  is  important  to  refer  to  the  report  for  an  j 

understanding  of  the  labels  attached  to  the  lines  in  the  compilation.  j 


4.6 .2.1  Carbon  Dioxide  (CO^) 

For  the  linear  molecules  CC>2  and  MgO  with  only  one  degenerate  vibration,  the  C.^np  is: 

°rp= Z>iV  EEvtV'to1’ + LEEwk  0 

i i j>i  J J£i  kaj 

and  the  rotational  energy  corresponding  to  each  quantum  number,  J,  is; 

Ev,J  = Gv  + VJ(J  + l)  " <21  ' DvtJ(J  + ‘>  * |212+hv  + l)  " ‘V  + 0 


where  the  Gy  (vibrational  energy  level  modified  by  reasonance  perturbation),  ByJ  and  Hy  are 

tabulated  in  the  report.  The  Hy  are  quite  sm.^1  and  thus  omitted  for  most  levels.  The  so-called 

I -type  doubling  (see,  e g.:  ttef.  [149])  causer  i splitting  of  rotational  levels  into  two  levels  close 

149.  G.  Herzbarg,  infrared  ana  Raman  Epeet  . of  Polyatomic  Molecules,  Van  tbstrand, 

N.  T.,  1845. 
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together  in  energy.  The  rotational  ccnsi.mti  associated  with,  these  levels  are  designated  in  the 

tables  Vth  an  addition  of  a c or  d.  If  f = 1 the  values  B for  the  « arid  d comoonents  differ  as 

— — v 

dc  those  for  D and  H . If  t 2 the  B valves  are  equal  but  the  D and  H„  values  differ 
v v v 1 v v 

for  c and  d.  If  ( = ‘i  only  the  H.  values  for  c and  d differ.  A further  explanation  of  the  use  of 
these  symbols  in  calculating  energy  levels  is  given  in  the  report  along  with  the  general  equation 
for  calculating  the  wavenumber  of  an  allowed  transition: 

J(m)  = + am  + bn?  *•  cm'*  + dm^  ■»  em^  + fm®  (159) 

where  a = (B1  + B");  b = (B*  - b"  - C + LV);  c = -2(D’  + D"); 

v v v v v v v v ’ 

d » -(D  'f  - D”);  e = 3(H’  + H");  i = (H*  - H") 

V v V V \ V 

and  tn  = J"  + 1 for  the  R-branch  (J"  - J"  + 1) 

= - J " ior  the  P-branch  (J”  - J”  - 1) 

= J"  for  the  Q-brartch  (J"  — J")  (A  slightly  modified  equation  Is  used  for  the  Q-branch; 
See  Eq.  (ICO)). 

The  primed  values  refer  to  the  upper  vibrational  state  and  the  double-primed  values  refer  to  the 
lower  vibration:?.!  state.  The  selection  rules  governing  tine  ( 'currence  of  a transition  are  as 
follows: 

When  Af  = 0,  AJ  = si,  c— c,  and  d — d;  when  Af  = 1,  AJ  = ±1,  c— -c,  and  d — d;  and  when 
AJ  = 0,  c— d. 

where,  for  example,  c — c implies  that  the  letter  assigned  to  the  rotational  level  does  not  change 
in  the  transition,  etc. 

Certain  vibrational  energy  levels  and  molecular  constants  for  the  various  isotopes  of  C02 
reported  iu  the  compilation  report  are  tabulated  in  Table  8.  In  Table  9 are  tabulated  the  band 
centers  corresponding  to  transitions  between  the  vibration  ’.1  energy  levels,  also  shown  in  the 
table,  as  well  as  the  unperturbed  strength  of  each  band.  Techniques  are  explained  in  the  compila- 
tion report  for  taking  interaction  effects  into  consideration.  It  should  be  noted,  incidentally,  that 
the  values  tabulated  do  not  always  correspond  to  those  urt  'd  in  generating  the  magnetic  tape. 


4. 6. 2. 2 Nitrous  Guide  (N,0) 

For  NLO,  data  are  reported  which  are  similar  to  tlio  e given  for  C0o,  although  U\f  energy 
level  designation  is  slightly  diifere....  Explanations  are  giv  ,n  for  the  manner  in  which  too  band 
data  are  used  to  tr’-.o  into  account  the  effects  of  Interaction.;.  The  vibrational  energy  levels  and 
moleculer  constants  are  given  in  Table  10;  these  are  ir.r  :.rl.d  ir.to  Eq.  (159)  to  obtain  line  posi- 
tions for  the  P-  and  R-branche.i.  For  the  Q-branch,  use  (A.I  = C,  m = J"): 
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TABLE  8.  VIBRATIONAL  ENERGY  LEVELS  AND  MOLECULAR  CONSTANTS  FOR  CO,. 

(From  McCIatchsy,  et  al.,  1973  [138].)  £ 
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1.41  f 

04401  o4 

2471.4*0 

.3*1142 

1.42 

41102  e 

*170.010 

.307447 

1.1) 

21132  c 

10145.42 

.13090 

1.2* 

12201  e 

2740.72* 

.201*1* 

1.44 

1001) 

*227.924 

.104497 

2.449 

21132  4 

.102*0 

1.3*  < 

12201  « 

1.2* 

22212  v 

*200.4*2 

.100472 

1.10 

211)1  c 

10207. 05 

.34127 

1.10 

20001 

27*7.1*4 

.100941 

0.90* 

22212  4 

1.20 

21121  4 

.142)7 

1.00 

01111  c 

2004.014 

.107*01 

l.M* 

10012 

0M7.094 

.3044*1 

0.0*1 

laoten** 

434 

1 

01111  4 

.100190 

l.M* 

41101  e 

43*0.04* 

.3*0200 

0.03 

0000 1 

0.00 

.3*023* 

1..30 

14411  c4 

03*0.047 

.300017 

1.37 

21103  c 

&01.4M 

.191020 

1.41 

22211  c 

0474.910 

.104442 

1.9) 

01101  e 

440.404 

.10LSOO 

i.iir 

21101  4 

.1*2)14 

1.7* 

22211  4 

1.21 

01101  4 

.101210 

1.1)0 

11)02  c4 

1240.144 

.1*2404 

1.91 

10011 

0*03.001 

.207074 

0.710 

3 

21102  c 

111*.  M0 

.3*00)* 

1-1? 

11122  e 

0*37.0*0 

.144204 

1.47* 

10002 

124*. 020 

.190070 

1.50 

21102  4 

.30114* 

1.37 

11122  4 

.10*722 

1.404 

02702  0 

12*7.765 

.101401 

1.274 

MU1  c4 

1140.47* 

• 19)000 

1.44 

11121  • 

4*70.700 

. It 41 10 

1.114 

03302  4 

1.334  | 

1JJ01  oa 

2442.3*4 

.1*2)12 

1.19 

urn  4 

.105127 

1.119 

10G01 

1170.047 

.10976? 

1.140  | 

/ 

21101  e 

JS00.M0 

.1*0441 

1.10 

00031 

0072.170 

.100000 

i.m 

j 

^ — 

21101  4 

.1*1700 

1.01 

01102  • 

1004.00 

.1*1127 

1.40 

/ 

10012 

1413.044 

.1074*4 

1.97 

71114  e 

0400.274 

.340*47 

».7)* 

01102  4 

. 3*  7094 

1.13 

/ 

oiia  c 

24*0.277 

.104447 

1.101 

11114  4 

.300740 

1.12* 

03301  44 

1044.  Ml 

• 29.'293 

l.M 

02211  4 

1.271 

11113  e 

4041.9*2 

• 304*30 

1.401 

moi  « 

20)7.00) 

.mu 

1.10  j 

10011 

1714.701 

.1470*1 

1.1) 

11113  4 

.1002)3 

1.44* 

moi  2 

.300*7* 

1.13 

11112  « 

7023.072 

.1347** 

1.10 

00011 

3202.400 

.367)00 

1.32* 

1702.702 

.1*1740 

2.02 

21112  4 

.100127 

1.14* 

22201  e 

2021.004 

.1*2)** 

1.44 

20023 

71)1.019 

.20*200 

1.7* 

20001 

2507.50 

.191015 

1.4 

22203  4 

l.M 

12222  « 

7144.040 

.204017 

1.15 

12202  c 

2*31.43 

.10220 

i.m  ;'} 

14402  o4 

2000.117 

.1*3414 

1.94 

12222  4 

i.b 

12302  4 

1.4T 

'V  : 

10001 

1042.402 

. 34*544 

1.44 

1*111  4 

7201.024 

.107407 

1.6% 

04491  04 

2*05.414 

.102007 

l.M 

1 

22202  c 

4007.0*0 

.1*1449 

1.47 

mu  4 

.10*117 

0.0* 

20002 

2*4*. 004 

.30*020 

1.44 

22202  4 

1.40 

12221  e 

7110.140 

.10*407 

1.3) 

12201  « 

3700.29 

.1*224 

l.M 

10002 

4041.000 

.10*404 

0.919 

12221  4 

1.20 

12201  4 

l.M  . 

14401 

4132.  M7 

.1*1014 

1.14 

20021 

7377. *70 

.20440) 

1.45 

20001 

27*0.40 

.30*470 

0.01 

22201  C 

4107.411 

.1*171* 

1.4) 

01131  C 

7*02.920 

.101*0) 

I. Ill 

oi  m c 

2020.344 

.107444 

1.325 

2-201  4 

1.12 

01131  4 

. 10204-3 

1.3*5 

0U11  4 

.300204 

1.125 

10001 

422*. 110 

.201000 

0.921 

11112  e 

4247.711 

.107771 

r.4* 

4001* 

7201.001 

.200**0 

2.31 

31102  • 

2127.20 

.1*155 

1.70  ‘ 

11112  4 

.100690 

1.04 

22214  « 

7107.0*1 

.100042 

1.02 

3110)  4 

.19)00 

1.40  | 

01111  «4 

4114.011 

.349)87 

1.40* 

22214  4 

1.94 

13)02  04 

3140.21 

.2*272 

1.45  ; 

mu  « 

4100.420 

.1072*0 

1.24 

4C0X4 

7440,0)0 

.207122 

1.0) 

21102  * 

3209.71 

.10901 

1.25 

mu  4 

•162210 

1.17 

12212  • 

7*09.210 

•100412 

1.22 

21101  4 

.10120 

1.2)  j 

00021 

4471.127 

.m*t) 

1.21* 

2221)  4 

l.M 

1)301  04 

mi. 57 

.30180 

1.2*  ! 

4CC13 

7*01.4*7 

.20**4* 

1.04 

41101  C 

Mil. 70 

•;~*2 

1.04  i 

11104  « 

441*. 1*4 

.2013*7 

1.42 

12212  9 

74*4.414 

.14*2*2 

1.10 

21101  4 

1.10  ! 

11104  4 

. 193070 

1.74 

12212  4 

1.14 

10012 

1527.740 

.ictoio 

l.M 

1110)  C 

4*01.110 

.16092* 

1 ») 

40012 

7714.4*2 

.2040*4 

0.91 

02211  4 

3*57.314 

1.20 

11101  4 

.201)40 

1.40 

21123  e 

T743.7TO 

.16*3*0 

1.?* 

02211  4 

1.11 

11102  e 

47*).  4W 

.14*700 

1.20 

21121  4 

.304400 

M> 

10011 

3432.017 

.104724 

1.21  1 

11102  4 

.101004 

l.« 

12211  4 

70*7.571 

.3000*5 

i.jj* 

* j 

20011 

40*1.47* 

.108190 

1.77 

12211  4 

0.930** 

30301 

4145.05 

.10010 

1.22*  ! 

17212  c 

4007.070 

.1029*0 

1.1) 

21122  • 

7*01.470 

.104000 

1.11* 

11112  e 

4147.2M 

.34*11 

1.40* 

12212  4 

1.41 

21122  4 

.30*120 

l.M** 

11113  4 

.10915 

l.M  \ 

1)101  c 

40  JO. 410 

.1001*0 

o.oo* 

40011 

7020.040 

.3805*0 

0.40 

03)11  e4 

4104.704 

.3C9340 

l.D 

ntM  4 

.291110 

0.000 

21121  4 

00*4.024 

.304400 

1.11 

urn  9 

4207.405 

» 3874*4 

l.t?  * 

044;:  c4 

4070.000 

.100140 

1.42 

21121  4 

.20**2* 

1.04 

um  4 

.307077 

l.M 

20012 

4077.030 

.104*20 

1.29 

10032 

01*2. 5S4 

.201)41 

l.M 

00021 

4542.5*2 

.344140 

1.31 

• 

12211  c 

9041.774 

.108*00 

1.20 

02231  « 

0332.0*9 

.302*00 

1.10 

| 

12211  4 

1.12 

02232  4 

l.M 

2001) 

4740.050 

• MOMS 

1.015  i 

TUOil 

*0*0.400 

.107449 

0.021 

10031 

•207.007 

.210009 

1.1) 

12212  • 

4770.005 

.33723 

1.2*  ! 

01121  e 

931*. 710 

.144540 

1.44 

12212  4 

1.27  4 

01121  4 

.20*14* 

1.44 

W«p««4«M  latoraetioa* 

24411  c4 

4031. 0* 

.2*003 

l.M  I 
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TABLE  8.  VIB RATIONAL  ENERGY  LEVELS  AND  MOLECULAR  CONSTANTS  FOR  CO,. 

{From  McClatchay,  et  al.,  1973  [138].)  (Concluded)  2 


c 

• 

0 

1 

0 

tMirr 

RkUl»ly 

L*^l 

•UUoly 

tmi 

(MUtf-ly 

(c*-1> 

«.-*> 

by  io  ’ 

*r  »•*’ 

by  io"T 

(«■“*!  Jo**1) 

aocia 

4442. 240 

0.144447 

1.47 

nan  c 

40)4.00 

.244)1 

1.44 

mis  4 
*>on 

4241.  MO 

.144702 

1.40 

0.*4 

onai  c 

2144.40 0 

.2444*2 

1.53 

01121  0 

.242)05 

1.22 

21111  • 

2)12.004 

.204414 

1.50 

2111)  4 

.2*0104 

1.44 

1)112  cd 

2242.0* 

.10*74 

1.50 

21112  c 

221*. *44 

.547014 

1.14 

21112  4 

.244204 

1.5ft 

1)111  c4 

2240.12 

.54*07 

1.44 

21111  « 

2442.24* 

.14^)7 

1.10 

21111  4 

.242* >4 

2.00 

>0014 

2*21.400 

.54*440 

2.524 

2221)  c 

2*20. W* 

.249U3 

l.«l 

2221)  4 
M01) 

Oil*. 410 

.247240 

1.52 

1.744 

22212  e 

41*2.12 

.54*22 

1.24 

22212  4 
>0012 

4241.044 

.2*242* 

1.24 

1.111 

22211  « 

4)24.04* 

.54410 

1.04 

22211  4 
>0011 

4)41.414 

.2470)) 

1.25 

0.*04 

11122  • 

4174..  57 

.5)221 

1.44 

11122  4 

.24X77 

1.54 

000)1 

•700.219 

.541)25 

1.22 

>1214  « 

4*22.424 

. >40*54 

1.42 

>1114  4 

. 5*04*4 

1.4) 

>111)  t 

47)4.4*4 

.247)44 

1.42 

>111)  « 

.2*0*04 

1.24 

an  « 

40*2.024 

.20257? 

1.22 

*1112  M 

.242704 

1 • »4 

mu  • 

*044.02* 

.546424 

1.12 

mil  # 

.54*5)4 

4.22 

01111  m 

*2*1.2** 

.2*1401 

1.7) 

011)1  4 

.242541 

1.23 

0001) 

*401. *1« 

.242415 

4.22 

40012 

2400.1)0 

. *424)5 

4.42 

100)2 

**41.140 

. >42225 

1.52 

100)1 

MH.M4 

.54077* 

4.20 

40001 

0.00  .244144 

1.11 

41101  « 

442.  2CJ 

.344240 

1.11 

•1101  4 

.24*124 

l.U 

14002 

122*. 4)4 

.244114 

1.24 

42201  « 

1)22.12 

.24*220 

1.20 

42201  4 
10001 

1)41. *41 

.244202 

1.14 
0.  *42 

1*202  « 

1*01 . 74* 

. >4442 

1.22 

11104  4 

.24*25 

1.24 

0)01  «4 

itoo.no 

.220142 

1.20 

11101  « 

2O40.M4 

.24040 

1.04 

11101  4 

.54*^4 

1.01 

40011 

22)2.11) 

.24)247 

l.U 

2000) 

2200.224 

.2*445) 

1.04 

12202  • 

254*. 422 

.24*24 

1.25 

nxa  4 

2COQ2 

2414.215 

.24200* 

1.17 

1.44 

44441  «4 

24*1.025 

.224*5 

1.21 

12201  « 

2220.244 

.24*44 

1.20 

12201  4 

2*52.22* 

.24*050 

1.0* 
4.  T* 

41111  « 

2*42.190 

.24*70) 

1.11 

2114)  • 

)122.)1 

.M42* 

1.24 

21)0)  4 

.KW 

1.4) 

1»»  «4 

2290.11 

.2703) 

1.20 

2U42  • 

23U.  47 

.14017 

k.14 

Ill'll  4 

2241.07 

0. 24*14 

1.12 

15.01  04  2444.*) 

. 27077 

1.34 

21)01  e 

24*2.0* 

.54441 

0.94 

21)01  4 

.27007 

0.90 

10012 

2271.UJ 

.24*244 

1.37 

02211  • 

5412.22 

.244**5 

1.1* 

4 

1.25 

10011 

2475.124 

.245534 

4.95 

5O0C5 

5454.4*7 

.547402 

1.34 

50003 

2*47.414 

.244174 

0.*i 

inn  e 

4701.1* 

. 54  5444 

1.3) 

11*12  4 

.2*4425 

1.34 

0)111  cd  420). 32 

. 54724 

1.1* 

mu  c 

4544.1) 

.545714 

1.05 

mu  • 

. >24  x4 

1.00 

00021 

4475.202 

.562)72 

l.U 

20C13 

47*1.144 

. 542754 

1.50 

13212  « 

4454. U 

.544707 

1.25 

4 

1.17 

20012 

4*04.4*0 

.244444 

1.11 

1)211  * 

2012.11 

.244735 

1.34 

4 

1.04 

200*1 

20*2.57* 

. >44)24 

*.« 

01131  • 

5277.147 

.74  7944 

1.04 

4 

. 545)24 

1.04 

21112  * 

5404.444 

.145455 

l.«l 

4 

.544*04 

l.U 

21112  * 

2224.522 

•442314 

1.10 

4 

.244240 

1.10 

21.11  s 

5727.044 

.545*44 

l.U 

4 

.5471)4 

0.41 

10)11 

5424.022 

.5424*0 

1.352 

42221  4 

5*15.2) 

• •<4374 

1.14 

4 

1.11 

j*mi 

**24.2*4 

.3*240* 

4.4*4 

20014 

*v».14l 

.5C4557 

1.74 

20015 

4127.702 

.2444*2 

l.U 

20012 

4224.2*2 

.245274 

4.44 

20011 

442*. 17* 

.24A414 

4.44 

40421 

4932.114 

.22*47* 

1.14 

10032 

•154.194 

.***404 

1.35! 

loon 

4224.545 

.2214*4 

4.  *5* 

I avnop*  4.77 

00442 

0.00 

.37*441 

1.145 

41141  * 

444.755 

.57*045 

1.33 

41141  4 

.27*52* 

i.n 

10003 

1371.475 

.1747)4 

1.44 

42201  « 

132*. 47 

.240041 

1.24 

42221  «\ 

l.U 

10004 

1374.30 

.374404 

1.04 

max  • 

1*14.11 

.37*0) 

1.37 

11142  4 

.)'*•* 

1.13 

45501  *4 

14*5.54 

• )7*77 

1.22 

1)101  4 

>023.41 

. 27**4 

1.15 

11L41  4 

• )7t47 

1.10 

44011 

2540.01 

.27245* 

1.34 

>4045 

3523.24 

.17*24 

1.40 

l.*20>  * 

3244.32 

.240125 

1.25 

1*3X3  4 

1.35 

20002 

2441. M 

•37414 

1.14 

12201  4 

3743.44 

.24005 

1.30 

12201  4 

1.31 

20041 

3774.40 

.27*27 

0.44 

•uu  « 

mi.  214 

.274102 

1.31 

01111  4 

.174444 

1.23 

10012 

21*0.44 

.2754,5 

1.34 

02211  4 

2041.43 

.1770*1 

1.34 

02211  4 

1.32 

10 5U 

2492.44 

.3757*4 

1.04 
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11112  e 

422). 21 

0.27(14 

1.21 

mu  t 

.27700 

1.24 

mu  • 

4247.04 

.17409 

1.14 

11111  « 

.27444 

1.15 

00621 

4425.305 

.272474 

1.30 

*091) 

4421.500 

• 174411 

1.42 

24413 

4*)*. 220 

.2721)1 

1.21 

>0011 

SOM. *10 

.274)21 

1.00 

UU3  • 

5**2.645 

.275425 

1.22 

31113  4 

.rttii 

1.22 

ootn 

4*45. 4:0 

.24*4*1 

1.20 

Xtfrteo*  (M 

40001 

0.00 

.244140 

l.U 

01141  4 

442.23 

.24427 

l.U 

41101  4 

.24*17. 

1.13 

14443 

1344.53 

.2(430 

1 w 

42301  4 

1244.44 

.24*51 

1.14 

•im  4 

1.11 

14001 

1242.17 

.24444 

o.*o 

00011 

224*. *7) 

.242)411 

l.U 

20063  « 

3524.4) 

.24714 

04 

•1111  « 

20*7.54 

.245  7* 

l.U 

•mi  4 

.mi) 

1.12 

loon 

24*0.3* 

.24504 

1.31 

422U  4 

.24671 

l.U 

•3311  4 

1.12 

10011 

3547.54 

•>4i5? 

1.01 

00021 

4204. 7«* 

.24240 

1.1.1 

20013 

4414.570 

.344414 

l.U 

Vrrtfin  HT  _ 

•4401 

4.00 

.27m  24 

1.3) 

•1141  « 

•42.72 

.27*024 

1.32 

<■1161  4 

.27*427 

1.21 

10003 

&2S4.43 

.27*00 

1.40 

03241  • 

1343.44 

.24000 

1.23 

•2101  4 

1.22 

U5S.M 

.27*44 

1.44 

440U 

U74.2) 

.2757* 

1.21 

«m  • 

3*14.14 

.17417 

l.U 

•UU  4 

.27475 

l.U 

10443 

9404.47 

•27441 

l.U 

14441 

3403.05 

.27540 

F .11 

•0041 

4.M 

1.04 

•1101  « 

4*7.22 

.247334 

1.04 

•1101  4 

.2477)4 

1.44 

10041 

12)0.30 

.24420 

•2201  * 

1115.04 

.24213* 

1.10 

•3301  4 

1.04 

10001 

1247.33 

.24774 

40911 

2212.47 

.24*12 

1.04 

OUU  • 

3*29.44 

.24*22 

1.04 

•1U1  4 

• 2*  VIM 

1.04 

14443 

2222.395 

.2*1740 

1.14 

10041 

2424.047 

.HIM 

4.  *07 

wm-’ji 

•4941 

0.49 

.154*5 

1.07 

•1141  4 

42*. 70 

.25727 

1.04 

•tlU  4 

.35744 

1.44 

40411 

1222.52 

.2541* 

1.47 

jumtm. 
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TABLE  9.  EAND  ORIGIN?  AND  STRENGTHS  FOR  COo.  (From  McClatchey,  et  al„ 

1973  [138].) 
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.77 
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TABLE  9.  BAND  ORIGINS  AND  STRENGTHS  FOR  COo.  (From  McClatchey,  et  al., 

1973  [133].)  (Continued! 
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TABLE 

(From 


9.  BAND  ORIGINS  AND  STRENGTHS  FOR  CO,. 
McClatchey,  et  al.,  1973  [138J.)  (Concluded! 
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Notes  to  Table  9. 

Bands  deriving  all  their  strength  from  J-dependent 
perturbation  are  designated  o port,  when  one  near 
band  provides  the  strengths,  when  the  listed  strength  is 
multiplied  by  m(m  + 1);  and  A,  when  the  listed  strength 
is  multiplied  by  m2(m  + 1)*. 

Q designates  bands  with  strength  below  the  criterion 
limit,  whoso  Q-branches  are  significant. 

C is  an  interaction  parameter.  See  McClatchey, 
etal.  (1C  73). 
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TABLE  10.  VIBRATIONAL  ENERGY  LEVELS  AND  MOLECULAR  CONSTANTS  FOR 
N2O.  (From  McClatchey,  etal.,  1973  [138].) 


* Erv  rgy 
Level 

G 

(cm-1) 

B 

(cm*1) 

D 

Multiply 
by  10"7  ‘ 

(cm  *) 

H 

Multiply 
by  10'12 
(cm-1) 

00°0 

0 

Isotope  446 
0.4190113 

1.795 

1.17 

oi1<5o 

588.767 

0.4191777 

1.785 

1.17 

01ld0 

588.767 

0.4199695 

1.785 

1.17 

02°0 

1168.134 

0.4189193 

2.445 

1.1? 

022C0 

1177.750 

0.4201253 

1.165 

1.17 

022d0 

1177.750 

0.4201253 

1.795 

1.17 

10°0 

1284.907 

0.4172563 

1.775 

1.17 

031C0 

1749.058 

0.4196063 

2.195 

1.17 

03*d0 

1749.058 

0.4210883 

2.195 

1.17 

03^0 

1766.958 

0.420674 

1.805 

2.20 

033<50 

1766.958 

0.420674 

1.805 

0.14 

n*co 

1880.268 

0.4174673 

1.765 

1.17 

nldo 

1880.268 

0.4183803 

1.775 

1.17 

04°0 

2322.570 

0.4206113 

4.095 

16.17 

C42C0 

(2331.15) 

0.4210113 

1.350 

1.17 

042d0 

(2331.15) 

0.4210113 

2.50 

1.17 

12°0 

2461.998 

0.4181483 

2.465 

3.77 

122C0 

2474.785 

0.4187143 

1.210 

1.17 

122d0 

2474.785 

0.4187143 

1.700 

1.17 

20°0 

2563.341 

0.4224193 

1.645 

1.17 

00°i 

2223.756 

0.4155613 

1.795 

1.17 

05*c0 

2897.876 

2.035 

1.17 

05ld0 

2897.876 

2.355 

1.17 

131C0 

3046.213 

0.4177633 

2.145 

1.17 

13*d0 

3046.213 

0.4193783 

2.165 

1.17 

133°0 

3067.749 

0.419109 

1.805 

0.47 

133d0 

3067.749 

0.419109 

1.805 

1.87 
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TABLE  10. 


po«Mcm.v  billow  bum  LAaoftATOmpt*.  the  uriivcAarr?  or  Michigan 

VIBRATIONAL  ENERGY  LEVELS  AND  MOLECULAR  CONSTANTS  FOR 
N20.  (From  McClatct'ey,  ct  al.,  19?3  [138 j.)  (Continued) 


211C0 

21ld0 

011C1 


14°0 

142c0 

142d0 

22°0 

222c0 

222d0 


231C0 
2SlJ0 
31 K0 
31ld0 

03lCl 

03»dl 

033C1 


(cm"1) 


3165.857 

3165.857 

2798.290 

2798.290 

3620.941 

3631.601 

3631.601 

3748.252 

3766.060 

3766.060 

3836.373 

3363.974 

3373.137 

3373.137 

3480.821 

4335.798 

4335.798 

4445.379 

4446.379 

3931.258 

3931.258 

3948.344 

3948.344 

4061.979 

4061.979 

5105.65 

5026.34 

4730.828 

4630.164 

4642.463 

4642.463 

4417.379 


(cm*1) 


Isotope  446  (Contd) 

0.4158333 

0.4169163 

C.4157723 

0.4165473 

0.4187873 

0.4190143 

0.4190143 

0.4163273 

0.4172013 

0.4172013 

0.4141473 
0.4165443 
0.4167523 
0.  <167523 
0.  <*137843 

0.4159193 

0.4176813 

0.4143703 

0.4156713 

0.4162253 

0.4176843 

0.417327 

0.417327 

0.4140513 

0.4149343 

0.4131913 

0.4143113 

0.4121163 

0.4147633 

0.4151583 

0.4151583 

0.4120963 


D 

Multiply 
by  10"7 
(err.  7) 


H 

Multiply 
by  10"12 
(cm"1) 
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TABLE  10.  VIBRATIONAL  ENERGY  LEVELS  AND  MOLECULAR  CONSTANTS  FOR 
N20.  (From  McClatchey,  et  al.,  1973  [138].)  (Continued) 


* Energy 

G 

B 

D 

H 

Level 

(cm  l) 

(cm"1) 

Multiply 
by  i0_* 
(cm-1) 

Multiply 
by  10"12 
(cm  1) 

01lc0 


Isotope  446  (Contd) 


5319.175 

0.4124313 

5319.175 

0.4134703 

4977.695 

0.4123583 

1.785 

4977.695 

0.4131183 

1.785 

1280.5 

1861.9 

1861.9 

2554.3 

2177.659 

2739.63 

2739.63 

3430.95 


Isotope  • 56 


0.4189821 

0.419095 

0.419891 

0.41719 

0.41734 

0.41820 

0.41545 

0.41568 

0.415855 

0.416605 

0.41387 


Isotope  546 


0 

0.4048564 

1.64 

585.320 

0.4050304 

1.65 

1.65 

585.320 

0.4057724 

1269.894 

0.403269 

1.60 

1863.080 

0.4034614 

1.59 

1863.080 

0.4043814 

1.57 

2534.21 

0.401870 

1.45 

2201.604 

0.401495 

1.65 

2745.709 

0.4017054 

1.65 

2745.709 

0.4024104 

1.65 

3443.659 

0.399873 

1.60 

f x;*.*  *Lr  willow  kun  laboaatoaie*.  the  uNivr»*rrr  or  michkzan 


TABLE  10.  VIBRATIONAL  ENERGY  LEVELS  AND  MOLECULAR  CONSTANTS  FOR 
N2O.  (From  McClatchey,  et  al.,  1973  [138].)  (Concluded) 


* Energy 

G 

B 

D 

H 

Level 

Multiply 

Multiply 

(cm*1) 

by  10'7 

by  10*12 

(cm  *) 

(cm*1) 

(cm*1) 

111C0 

llldO 


01lC0 

011<J0 


Isotope  448 


0 

0.395577 

1.65 

584.1 

0.395749 

1.65 

584.1 

0.396461 

1.65 

1217.9 

0.394057 

1.95 

0.39430 

0.39513 

1.56 

1.50 

2491.3 

0.39279 

1.31 

2218.37 

0.392317 

1.65 

2788.80 

0.392  549 

2788.80 

0.393209 

3439.1 

0.39078 

1.55 

Isotope  447 


1265.5 

2221.3 

2793.55 

2793.55 


0.406691 

1.72 

0.406860 

1.72 

0.407610 

1.72 

0.405961 

0.40334 

0.40357 

0.40430 

1.67 

♦Superscripts  designate  splitting.  See  Section  4.6.2 
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/ Lh 

LmmT 


p(J")  - Gy  + (B’  - B")m  + [(B'  - B")-(D*  - D")]m2  - [2(D*  - D”)-(H’  - H")]m3 

- [(D’  - D”)  - 3(H*  - H")m4  + 3(H’  - H")m5  •-  (H‘  - H’’)m6  (160) 

For  a fuller  explanation  of  the  inclusiveness  of  the  data,  the  reader  should  refer  to  the  compila- 
tion report.  Table  11  reproduces  the  data  in  the  band  systems  for  NgO,  giving  the  main  band 

center  and  the  levels  from  which  transitions  in  these  bands  arise,  along  with  the  strength  of  the 

-23  -1 

system.  The  strengths  of  the  individual  lines  included  are  greater  than  4 X 10  molecules 
2 -1 

cm  cm  , with  the  Q-branch  of  the  band  centered  at  1974.571  included  even  though  the  individual 
strengths  fall  below  the  restrictive  limit,  because  they  are  close  enough  together  to  be  included 
aggregately  by  most  slit  functions.  The  individual  bands  in  the  system  are  broken  down  in 
Table  12. 

4.6.2.S  Carbon  Monoxide  (CO) 

Turning  to  the  simple  molecule,  CO,  there  is  little  fanfare  in  the  compilation  report  regard- 
ing its  structure.  Apparently,  much  of  the  ground  work  for  determining  the  parameters  used  in 
calculating  its  line  positions  came  from  a report  by  Young  [150],  out  of  which  are  reproduced 
Tables  13  and  14.  The  first  of  these  tables  gives  the  spectroscopic  constants  for  CO,  and  the 
second  gives  the  integrated  strengths  for  the  fundamental  and  first  two  overtones  of  the  molecule. 

4.6.2.4  Oxygen  (02) 

In  the  compilation  by  McClatchey,  et  al.  the  02  molecule  is  considered  last  because,  as  a 
special  case,  it  produces  spectroscopic  data  produced  by  mechanisms  somewhat  different  from 
those  of  the  "conventional"  IR-radiating  and  absorbing  molecules.  The  energy  level  structure  of 
the  Og  molecule  is  complex,  but  02  is  considered  here  because  the  physical  structure  of  a di- 
atomic molecule  puts  it  in  the  realm  of  the  simple  molecule.  Actually,  the  characteristics  of  02 
are  presumed  to  be  of  lesser  importance  in  this  report  because,  as  an  absorber, 02  tends  to  be 
effectively  mainly  in  the  near-IR  (and  visible)  and  in  the  microwave  region,  where  the  self- 
emission  of  the  atmosphere  is  well  below  that  at  the  mid-IR  regions.  Another,  and  perhaps  more 
pertinent,  reason  for  this  presumption  is  that  most  of  the  models  described  in  this  report  ignore 
02  as  an  absorber  A good  reason  for  including  02>  of  course,  is  that  it  is  the  second  most  prev- 
alent gas  in  the  atmosphere,  constituting  approximately  20%  of  it.  Ng,  the  most  prevalent  gas 


150.  L.  A.  Young,  "CO  Infrared  Spectra,"  J.  Quant  Sped.  Rad.  Trans.,  Vol.  8,  1968,  pp.  693- 
716. 
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TABLE  11.  SUMMARY  OF  N20  BAND  SYSTEMS.  (From  McClatchey,  et  al.,  1973  (138 J.) 


Center  of 
Main  Band 
(cm  *) 


588.767 

696.140 

938.849 

1168.134 

1284.907 

1634.989 

1749.058 

1880.268 

1974.571 

2223.756 

2322.624 

2461.998 

2563.341 

2798.290 

3363.974 

3480.821 

3620.941 

3748.252 

3836.373 

4061.979 

4335.798 

4417.379 

4630.164 

4730.828 

4977.695 

5026.34 

5i05.65 


Upper 

Level 


Lower 

Level 

Strength  of  System 
Multiply  by  10'20 
Molecules'1  cm2cm1 

00°0 

118  + 9 

0^0 

0.354  + 0.020 

10°0 

0.254  7 0.010 

00°0 

38.5  +”1.5 

00°0 

996  + 40 

01*0 

0.278  + 0.02 

00°0 

0.241  7 0.02 

C0°0 

1.66  +”0.08 

01 *0 

% =75.024  + 0.002 

00°0 

5710  + 250“ 

00°0 

2.7  + 0.3 

00n° 

33.4”+  1.5 

00°0 

135  +“7 

oo°o 

9.62"+  0.96 

00°0 

10.6  + 0.5 

00o° 

197  + 10 

00°0 

0.56"+  0.02.  - 0.05 

oo”o 

4.12  + 0.2 

co°o 

8.15  ± 0.4 

00°0 

0.111  + 0.006 

00°0 

0.1  + flT.l,  - 0.07 

00°0 

6.9  ♦ 0.7 

00°0 

0.68”+  0.07 

00°0 

4.4  +11.4 

00°0 

0.070  + 0.008 

00% 

0.29  < 0.04 

00°0 

0.29  7 0.03 

♦Only  the  Q-branch  at  1974.571  is  listed  because  the  lines  in  the  P-  and  R-branchcs 
are  very  weak. 
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TABLE  12.  N20  BAND  STRENGTHS.  (From  McClatchey,  et  al.,  1973  [138].) 


Band  Center 

Upper 

Lower 

Isotope 

S at  296K 
v 

T.evel 

Level 

(Multiply  by  10*20 

(cm  *) 

Molecules  1 cm^cm  S 

588.767 

579.367 

588.983 

580.924 

571.308 

589.208 

595.361 

585.320 

575.5 

586.3 

584.1 

696.140 

938.849 

1168.134 

1160.291 

1154.436 

1153.40 

1177.750 

1284.907 

1291.501 

1293.864 

1907  n« 


1278.434 

1297,155 

1300.791 

1285.589 


1269.894 

1277.760 


1634.989 

1749.058 

1880.268 
1886.018 
1873.231 

1974.571 

2181.66  | 
♦No  value  given. 


98.4 

4.90 

11.26 

0.599 

0.256 

0.958 

0.216 

0.356 

0.356 

0.039 

0.197 


31.7 

5.72 

0.201 

0.228 


872. 

100.6 

3.16 

5.92 

3.73 

0.390 

0.364 

0.412 

3.15 

0.354 

3.15 

0.362 

1.75 

0.200 

0.350 


Sq  * 0.024 
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TABLE  12.  N2O  BAND  STRENGTHS.  (From  McClatchey,  et  al.,  1973  [130].)  (Continued) 


Band  Center 

Upper 

Level 

(cm"1) 

2223.755 

2209.523 

2195.840 

2195.387 

2195.914 

2182.200 

2)81. 3Po 

2181.711 

2193.623 

2177.659 

2164.13 

2201.604 

2187.389 

00?1 
ori 
02°  1 
0221 
10?1 
G3?l 
03,1 

iri 
00°  2 
00°  1 
01*1 
C0°1 

ori 

2218.97 

2204.70 

2221.3 

2207.25 

1 

?! 

•! 

2322.624 

2309.109 

04 

05 

2461.998 

2457.446 

2452.807 

2453.851 

2463.345 

12 

13 

14 
14 
22 

1° 

*0 

°0 

20 

°0 

2563.341 

2577.090 

2580.118 

2588.310 

2551.466 

2534.21 

2554.3 

2491.3 

20 

21 

22 

22 

30 

20 

20 

20 

?° 

*0 

2° 

z0 

°0 

°0 

°0 

°0 

2474.785 

12 

20 

2798.290 

2775.207 

*»784.370 

2763.124 

2753.508 

2770.594 

mm  *. 

k 

■BF  " 

WSP " 

h 

3i 

3353.974 

3342.491 

02* 

03 

f! 

•No  value  given. 

Lower 

Level 


Isotope 


S at  29  6K 
v 

(Multiply  by  10'20 
Molecules  * cm2cm  *)! 


5023. 

563. 

16.8 

31.8 

10.1 

1.958 

1.88 

1.10 

0.201 

18.1 

2.04 

18.1 

2.10 

10.1 

1.15 

2.01 

0.234 


27.6 

4.68 

0.239 

0.321 

0.192 

120. 

12.2 

0.343 

0.648 

0.696 

0.454 

0.384 

0.192 


2jp 
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TABLE  13.  ROTATIONAL  CONSTANTS  USED  IN  THE 
CALCULATION  OF  CO  LINE  POSITIONS.  (From 
McClatchey,  et  al.,  1973  [138] . ) 


Symbol 

Value 

2169.836 

u X„ 

13.299 

e e 

weYe 

0.0115 

Be 

1.931285 

ae 

C.017535 

Ye 

1.01  x 10*5 

% 

8.12  x 10'8 

f>e 

-1.0  x 10"9 

TABLE  14.  STRENGTHS  OF  CO  BANDS.  (From  I 

McClatchey,  et  al.f  1973  [138]  .) 

1-0  2-0  3-0 

Strength,  S(cm'V«nolecule-cm'2)  9.70  x 10*18  6.99  x 10  28  4.83  x 10  22 

\ 

) 
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at  approximately  80%  is  not  considered  in  the  compilation,  although  it  is  responsible  for  some 
continuum  absorption.  But  its  effect  is  minor,  and  ignored  in  most  of  the  models  described  in  this 
report. 

One  should  consult  a text  like  Herzberg  [151]  for  a complete  discussion  of  the  02  molecule, 
but  a thumbnail  sketch  of  its  more  important  features  is  given  in  the  compilation  report  by 
McClatchey,  et  al.  Without  a complete  description  of  terms  used  in  the  equations  cited  for  the 
determination  of  line  parameters,  however,  one  must  consult  the  original  references  (cited  in 
the  Bibliography)  for  a more  thorough  understanding  of  the  Use  of  the  equations. 

4. 6.2. 5 Water  Vapor  (HgO) 

One  of  the  two  most  important  molecules  effective  in  atmospheric  transmittance  and  radiative 
transfer  is  I^O  in  the  gaseous  (vapor)  form.  McClatchoy,  et  al.  have  drawn  on  a large  number 
of  sources  for  the  accumulation  of  data  on  line  parameters  for  HpO.  Table  15,  taken  from  the 
compilation  report,  demonstrates  this  dependence  on  a large  number  of  sources,  by  summarizing 
the  origins  of  data  on  HgO  for  all  the  spectral  regions  covered  in  the  compilation.  Because  of 
the  complicated  nature  of  the  non-linear  BgO  molecule,  much  dependence  has  been  piaced  on  ex- 
perimental data.  Much  of  the  confidence  one  feels  in  the  compilation  can  be  attributed  to  the  self- 
consistency  of  the  experimental  data,  along  with  the  care  taken  by  the  AFCRL  group  in  assem- 
bling and  compa.-ing  them  with  the  results  of  acceptable  theory,  ft  is  recognized , nevertheless, 
that  the  accuracy  of  the  compilation  is  strongly  dependent  on  the  plausibility  of  the  theory  and  the 
accuracy  of  experimental  data,  upon  which  the  theory  depends  for  extending  the  limits  of  the 
compilation  beyond  many  of  the  measurable  limits.  Table  16  reproduces  the  salient  features  of 
its  source  in  the  compilation  report  on  vibration-rotation  band  data.  The  coefficients  included 
in  the  original  are  excluded  from  this  table  since  they  have  no  meaning  outside  of  context. 

4.6.2.6  Ozone  (Og/ 

Whereas  HgO  is  one  example  of  a triatomic,  non-linear  molecule  effective  in  the  absorption 

of  atmospheric  radiation,  Og  is  the  second  example  of  one  of  the  more  important  absorbers 

representative  of  this  class  of  molecule.  Table  17  reproduces  the  tabulations  in  the  AFCRL 

report  which  is  a collection  of  the  band  centers  and  intensities  used  in  the  compilation  for  Og. 

The  most  important  region  for  Og  absorption  comprises  the  9.6  pm  (designated  and  Pg 

fundamentals)  and  the  weaker  14  pm  (designated  O bands.  The  v.  and  v.  bands  are  centered 
-1  -1  ‘ l j 

respectively  at  1103  cm  and  1042  cm  . 


151.  G.  Herzberg,  Spectra  oJ  Diatomic  Molecules,  Van  Neatrand,  N.  Y.,  lSbO. 
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4. 6. 2. 7 Methane  (CH,) 

The  next  and  most  complex  of  the  molecules  included  in  the  AFCRL  line  parameter  com- 
pilation is  CH^.  Many  of  the  data  are  strictly  empirical,  unpredicted  by  theory  at  this  time. 

So  the  information  on  some  of  the  Ch4  data  should  be  considered  tentative.  In  Table  1ft  is  a 
tabulation  of  the  CH4  bands  with  the  pertinent  data  taken  from  the  sources  listed  at  the  bottom 
of  the  table.  As  indicated  above,  the  information  in  the  compilation  on  CH^  relied  heavily  on 
experimental  data.  The  quantum  number  designations  for  the  bands  are  as  follows: 

vlv2tf8v3f3v4#4# 

as  described  in  the  compilation  report  by  McClatchey,  et  al.  (1973).  Included  in  the  report  are 

12  12 

listings  of  spectroscopic  parameters  for  the  ground  state  of  CH^,  the  t/g  band  of  CH4,  the 
band  of  12CH4,  the  v band  o!  12CH4,  the  v 3 band  of  13CH4,  the  band  of  13CH4,  the  v + ^ 
band  of  12CH4  and  the  1v^  band  of  *2CII4.  It  would  serve  no  purpose  to  reproduce  these  tables 
here  since  there  is  net  sufficient  information  which  could  be  used  to  perform  line  parameter 
calculations. 

In  summary,  it  is  evident  that  a very  large  amount  of  work  has  been  put  into  assembling  a 
collection  of  information  which  promises  to  be  of  unparalleled  use  to  many  investigators.  Many 
of  these  data  have  existed  fer  many  years  in  one  form  or  another.  It  is  to  be  hoped  that  the  plea 
by  the  authors  of  the  report  by  McClatchey,  et  al  (1973)  will  be  heard,  and  tha*  users  will  help 
determine  the  value  of  the  compilation.  Because  of  the  complexity  of  the  task,  to  say  nothing 
of  the  complexity  of  the  entities  on  which  the  task  is  performed,  there  are  sure  to  be  deficiencies 
in  the  compilation.  So  it  is  to  the  benefit  of  all  that  those  who  use  the  data  help  to  alleviate  the 
deficiencies  and  continuously  improve  the  data.  , 

A good  deal  of  caution  must  be  exerted  in  the  use  of  the  line  parameter  compilation  be- 
cause, even  in  its  great  usefulness,  It  is  incomplete  and,  in  some  cases,  In  error.  For  work 
of  moderate  to  good  accuracy,  it  seems  they  can  be  used  without  trepidation.  But  for  work 
which  requires  the  extremes  in  accuracy,  certain  bands  can  be  used  with  less  confidence  than 
others  The  originators  have  found  examples  of  misplaced  lines  which  are  being  corrected  in 
later  tapes,  but  which  naturally  are  retained  in  the  earlier  ones.  In  addition,  certain  "hot 
bands"  are  missing.  The  difficulty  in  experimentally  determining  the  characteristics  of  ozone 
means  that  thorough  scrutinizing  of  the  Og  parameters  in  the  compilation  may  be  required. 

Some  Investigators  are  now  commencing  programs  from  which  more  data  on  O,  are  expected 
to  be  derived.  All  in  all,  the  compilation,  now  a useful  tool,  will  become  more  useful  as  the 
inaccuracies  are  eliminated. 
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TABLE  15.  SUMMARY  OF  PRINCIPAL  DATA  SOURCES  FOR  WAT  if;  VAPOR 
ENERGY  LEVELS.  (From  McClatchcy,  ct  al,,  1073  [338].) 


Region 

era'1 

Typo  of 
Measurement 

Range  of 

Level 

3 

Strength 
Li  wit 
(256  K ) 

Precis  i.:n 
of  V 

-1 

oi 

Pef . 

Vlbr  tional 

Rotational 

0-25 

L, 181, 171 

0.010 

10 

6 

<-27 

*90001 

15 

0-25 

L, 162, 182 

0,010 

13 

7 

<-27 

.COCCI 

1-  i,  15 

30-250 

L 

0 

13 

7 

-23 

.005 

156 

250-550 

L 

0 

15 

ii 

-24 

.03 

157 

♦80-090 

m 

0 

15 

12 

-25 

.02 

1C  8 

430-650 

r 

0,010  «tc. 

30 

15 

<-27 

.05 

153 

700-1100 

Ui 

0,010 

19 

12 

-26 

.1 

ICO 

750-1400 

A 

0,010 

18 

12 

-25 

.05 

161 

360-1100 

A 

0,010 

10 

12 

-25 

.02 

102 

1270-1450 

L H 

010,020 

16 

9 

-27 

.05 

103 

1200-1700 

L,  162 

010 

14 

7 

-27 

.02 

1C  4 

1330-1970 

L, 181, 171 

010 

13 

6 

-26 

.0) 

105 

1840-2500 

LH 

010, 020,001+ 

18 

10 

-26 

.03 

103 

1925-2182 

A,U 

010,020,001* 

28 

10 

<-27 

.01 

107 

2390-2970 

A,U 

100,001,  etc. 

32 

19 

<-27 

.01 

Hi  7 

2*90-3030 

>.,162 

100,020 

18 

10 

<-27 

.005 

163 

2900-3500 

A 

020, vOO.OOl 

16 

u 

-26 

.02 

1C3 

2800-3500 

F 

001,311,  ate. 

33 

13 

<-27 

.02 

no 

2900-4330 

L,  162 

001.100,  stc. 

14 

9 

-25 

. 005 

171 

3340-4030 

L,  101,171 

001,100,  ate. 

13 

7 

-26 

.01 

372 

.1940-4300 

r 

001,011,  etc. 

33 

19 

. <-27 

.02 

170 

4032-5090 

A.U 

001,011.020  ♦ 

33 

17 

<-27 

.01 

173 

3950-5200 

A 

001, 030, 011, etc 

18 

13 

-26 

.01 

174 

4500-5915 

L,  162 

Oil, 030, 110, etc 

14 

0 

-25 

.005 

171 

5090-557 S 

L 

011,110 

12 

7 

-21 

.005 

175 

5540-7000 

A 

011,021.120  ♦ 

16 

9 

-26 

.01 

174 

5550-6720 

A.U 

011,021,120  ♦ 

24 

11 

<-27 

.01 

173 

7000-5500 

L 

101,200 

13 

8 

-24 

.05 

178 

7400-9000 

A 

101,002,111  ♦ 

16 

9 

-26 

.01 

274 

7J90-8800 

A,U 

101,001,111  ♦ 

16 

9 

-25 

.01 

173 

8300-10000 

A 

111,012,041 

16 

8 

-25 

.03 

177 

9150-9350 

A 

012,111 

10 

7 

-27 

.005 

178 

The  date  sources  are  of  five  typest  L,  laboratory  absorption 
naasureraents  on  voter  vapor  or  aoiot  air  at  too*  tcrapcratursi  L’.I,  similar 
Msauitsentg  in  cells  heated  to  75-S40*C>  r,  laboratory  raeasurcconts  of 
asiiasion  free*  oxy-hydrogrn  or  oxy-acetylenc  f lanes,  yielding  -lo” 
nolacutes/cra1  H^O  at  *2500-3500Ki  A,  raeaeurcraorils  of  solar  radiation 
through  the  atpesphore,  containing  1C*J -1G35  ipole cul : r/cra2 i 0,  observations 
of  the  ratloed  apectrvm  of  eur.spot/photosphere,  also  containing  about  1 0 9 
■ol/cn"  at  -3600K.  Isotopic  symbols  are  appended  when  enriched  samples 
vara  atudled,  underlined  whan  a raj  or  component,  dashed  when  noderately 
increased  above  natural  abundance.  The  range  of  vibrational  and  rotational 
lev* la  it  a rough  indication  of  the  extent  of  level*  observable  down  to  tha 
intenally  limit  of  5°  (era  Vssol  ca”*),  corrected  to  296X.  with  the  revolving 
power  uned.  Tha  ground  state,  ( v-O)  is  isjilted  In  all  regions. 

In  ifforence  171,  tiic  observed  contamination  of  the  sample  by  deute- 
rium ti:  give  the  HDO  abundances  varying  from  10-200  times  normal  was  not 
reported. 
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TABLE  16.  WATER  VAPOR  STRENGTH  DATA.  (From  McClatchey,  et  si.,  1973  fl38j.) 


■i 


lRO  »• 


Tn*  at  /Rolen 


Csbyss 


lao  *■  r* 


**«»«) 


tot  * 

Tjrpo  ml/mol  cm  * My«. 


1403. 44* 

163 

010  ooo 

* 4.0  *033 

4 3.93  -021 

.066 

.10$ 

ism. ns 

161 

020  010 

* 4.43  -033 

.171 

ISM. 37* 

Ml 

010  000 

• 3.12  -030 

.321 

15*1.13 

131 

010  ooo 

■ 3. *3  -031 

.121 

15*4.734 

161 

010  ooo 

a 1.043-017 

.121 

3043.314 

161 

100  010 

* *.*  -033 

.0167 

31*1. 1M 

161 

00)  010 

» '.*  -032 

.0394 

3709.  IS 

162 

100  ooo 

a 3.31  -024 

.0437 

3731. 4*7 

162 

100  ooo 

a 4.53  -027 

a 2.0  -033 

.0437 

.0076 

37*3.014 

162 

020  000 

a 4.3  -033 

B 9.0  -024 

.0153 

.0051 

3073.054 

161 

030  010 

B 7.**  -023 

.0121 

111*. 03 

‘-•1 

020  000 

a 3.33  -022 

.0070 

1144.** 

171 

020  000 

a 4. *2  -023 

.0070 

3151.411 

161 

020  OOO 

a 4.5*  -033 

.0070 

1440.345 

161 

110  010 

a 3.50  -022 

.0148 

3*4*. 490 

161 

100  ooo 

a 7.24  -023 

0149 

3453.14 

171 

100  ooo 

a 3.33  -023 

. <9 

3457.054 

Ml 

100  03 

a 3.43  -03* 

.0-4? 

1707.45* 

162 

001  ooo 

a 1.2  -033 

a 3.0  -033 

.0508 

.0255 

1734.50* 

161 

on  <10 

a 3.30  -023 

.0708 

1741.571 

181 

001  <*o 

a 1.40  -030 

.0708 

1744. M 

171 

001  0..7 

a 3.94  -023 

.0708 

1755. *34 

161 

001  ooo 

a 7.  **4-034 

.0708 

40*9. *54 

162 

110  ooo 

a 3.0  -033 

a 3.5  -034 

.00C9 

.0024 

4145.4*1 

162 

030  000 

a 3.0  -033 

a 1.5  -024 

0 

4444.730 

Ml 

030  000 

a 3.0  -032 

.00032 

504*. S3* 

M2 

on  ooo 

a 3.0  -033 
a 4.0  -034 

.0069 

.0931 

51*0.3* 

Ml 

120  010 

a 3.17  -073 

.0040 

5331.3* 

Ml 

no  ooo 

a 3.4*  -033 

.0028 

5337.75 

171 

no  ooo 

a 4.77  -024 

.0026 

5334.9*1 

Ml 

no  ooo 

a 1. *3  -770 

• 0026 

5374.77* 

161 

021  010 

a 7. .15  -023 

.0286 

5110.41 

181 

Oil  ooo 

a 1.41  -021, 

.0203 

5330.35 

171 

on  ooo 

a 3.34  -033 

.0203 

5i:i.345 

Ml 

Oil  boo 

a 9.04  -039 

.0203 

138 


5372.114 

162 

200  000 

A 

1.2  -023 

.0042 

6679.2? 

161 

130  010 

B 

4.32  -024 

.00194 

6755.40 

181 

120  000 

9 

7.05  -024 

.00112 

6775.10 

161 

120  000 

• 

3.53  -031 

.00112 

6779.08 

161 

031  010 

A 

6.94  -023 

.0076 

6844.59 

181 

021  OOO 

A 

1.13  -022 

.0044 

6857.32 

171 

021  000 

A 

2.09  -023 

.0044 

6871.512 

161 

021  000 

A 

$.64  -020 

.0044 

7186.68 

181 

200  000 

B 

1.06  -022 

.0042 

7301.46 

Ml 

200  000 

B 

S.29  -020 

.0042 

7213.26 

Ml 

111  010 

A 

3.96  -022 

.0157 

7222.69 

181 

101  000 

A 

1.49  -021 

.0157 

7235.57 

171 

101  000 

A 

2.76  -022 

.0157 

7249.93 

161 

101  ooo 

A 

7.47  -019 

.0157 

7371.79 

161 

012  010 

B 

2.17  -024 

.00131 

7417.54 

181 

002  000 

B 

1.06  -023 

.00131 

7430-54 

171 

002  000 

B 

1.96  -024 

.00131 

7745.04 

Ml 

002  000 

B 

5.29  -021 

.00131 

6339.84 

Ml 

041  010 

A 

5.88  -024 

.00204 

8273.95 

161 

130  000 

B 

2.1  *022 

.00027 

6141.32 

181 

031  000 

A 

7.4  -024 

.00102 

6356.70 

171 

031  000 

A 

1.33  -024 

.00102 

6373-82 

Mi 

031  OOO 

A 

3.6  -02. 

.OC102 

6734.97 

Ml 

121  010 

A 

4.10  -02. 

.0037 

6761.57 

161 

210  000 

B 

3.6  -022 

.00031 

8779.75 

161 

111  000 

A 

9.96  -023 

.0037 

8792.63 

171 

111  000 

A 

1. 65  -027 

.0037 

6207.00 

161 

111  COO 

A 

4.98  -020 

.0037 

8966.53 

Ml 

012  OOO 

B 

2.4  -024 

.00057 

JOUO-1S 

161 

012  CCO 

B 

1.2  -021 

.00057 

9833.99 

Ml 

000 

A 

4.8  -023 

•ooouj 

1 
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TABLE  17.  OZONE  TRANSITIONS  INCLUDED  IN  DATA  COMPILATION. 
(From  McClatchey,  et  al.,  1973  [138].) 


Band  Center 

risi 

cm"* 

Vibrational  Transition 

Isotope 

cm  * 

Upper  State 

Lower  State 

jjimSQEZSSrill^^^ 

0.  4.13  x 10*19  000.  000  666 

700.930  6.70  x 10“19  010  000  666 

1 007.693  9.49  x 10~21  10i  100  666 

1097.996  2.49  x 10’f”  001  000  686 

1021.096  4.23  x 10'19  Oil  010  666 

1027.096  1.62  x lO'*9  002  001  666 

1028.096  5.16  x 10‘f,  001  000  668 

1042.096  1.29  x 10  ,„  001  000  666 

1103.157  3.47  x 10'*9  100  000  666 

2110.790  1.33  x 10’*“  101  000  666 

2785.241  2.32  x 10'20  111  000  666 

3041.200  1.10  xlO*19  003  000  666 
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TABLE  18.  METHANE  BANDS  INCLUDED  IN  DATA  COMPILATION.  (From  McClalchey, 

et  al.,  1973  [138].) 


Isotope 

Band 

Center 

(cm-1) 

Upper 

State 

Lower 

State 

Strength 

-1  -2 
(cm  /mole -cm  ) 

311 

V. 

1297.88I178! 

00000111 

00000000 

6.59x10  "20*  , 

211 

"4 

1305.Pi33t18° 

1 00000111 

00000000 

5.87x10-181  1 

211 

*2 

1533.289f181J 

01100001 

00000000 

8.91xl0-20[186l 

311 

*3 

3009. 53l182] 

00011001 

00000000 

1.36x10”*®* 

211 

v3 

3C18.92051183 

1 00011001 

00000000 

1.21xl0“*7  1 

211 

2VA 

260o(1841 

00000222 

00000000 

1*10-19** 

211 

2818,  2838^18 

*101100112 

00000000 

8x10-19*** 

179.  T.  G.  Kyle,  R.  D.  Blatherwtck  and  F.  S.  Bonomo,  J.  Chem.  Phys.,  VoL  53,  1970, 

p.  2800. 

180.  F.  Michelot  and  K.  Fox,  (1973),  to  be  published. 

181.  M.  Dang-Nhu,  Thesis,  Universite  de  Paris,  1988. 

182.  R.  S.  McDowell,  J.  Mol.  Spec.,  Vol.  21,  1966,  p.  280. 

183.  B.  Bobln  and  K.  Fox,  J.  Chem.  Phys.  and  J.  Phys.  (Paris),  1973. 

184.  K.  Fox,  Bull.  Am.  Phys.  Soc.,  Vol.  18,  1973,  p.  232. 

185.  W.  S.  Benedict,  Private  communication  (1973)  to  McClatchey,  et  al.,  1973. 

186.  R.  L.  Armstrong  and  H.  L.  Walsh,  Spectrochlm  Acta,  Vol.  16,  1060,  p.  840. 
*1/89  times  value  for  corresponding  band  of  21 1 isotope 

**1/100  times  value  for  of  211  isotope 
***1/15  times  value  for  of  211  isotope 
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4.6.3  OTHER  ABSORPTION  GASES  AND  ABSORPTION  MECHANISMS 

There  are  several  places  in  the  spectrum  which  are  designated  continuum  regions,  but 
the  most  important  from  the  standpoint  of  thermal  radiation  is  between  8 and  14  pm.  Some  of 
the  attenuation  effect  in  this  region  is  from  the  presence  of  aerosols,  in  the  form  of  scattering. 
But  except  under  rather  hazy  conditions,  the  effect  of  scattering  is  secondary,  the  major  effect 
being  apparently  from  the  presence  of  very  weak  lines  of  water  vapor,  or,  more  significantly, 

COg  lines  whose  centers  are  distant 
from  the  region.  Some  effects  from  the  agglomeration  of  HgO  into  dimers  has  been  postulated. 

Because  the  uncertainty  in  the  line  structure  used  in  the  calculation  of  atmospheric  trans- 
mittance, either  directly  or  in  band  models,  is  greater  in  the  wings  than  it  is  near  the  center, 
it  is  evident  that  calculations  will  introduce  relative  errors  in  this  low-absorptance  region 
which  could  well  be  unacceptable.  Therefore,  the  continuum  region  is  usually  considered 
empirically  using  some  cf  the  original  work  on  the  subject  performed  by  Bignell,  et  al.  [187], 
and  later  results  from  Burch,  et  al.  [188].  Bignell  [189]  found  that  in  addition  to  foreign 
broadening  effects,  the  continuum  absorption  is  strongly  dependent  on  the  partial  pressure 
of  water  vapor.  Most  models  for  atmospheric  transmittance  allow  for  this  effect  by  apply- 
ing parameters  established  from  experimental  data. 

In  addition  to  the  major  gases  to  which  great  care  is  given  In  all  of  the  models,  there 
exist  the  so-called  minor  gases  which  are  strong  absorbers,  but  which,  because  of  their  con- 
centrations or  locations  in  the  atmosphere  or  in  the  spectrum,  play  less  of  a role  in  the  gen- 
eral calculation  of  atmospheric  transmittance.  Most  models  account  for  these  gases,  and  in- 
deed they  should  be  considered  very  carefully  in  the  cases  for  which  the  high  spectral  purity, 
say,  cf  laser  radiation  is  involved;  or  for  very  long  paths  at  low  pressure.  Chief  among  these 
gases  are  CO,  NgO,  CH^,  which  are  included  in  the  compilation;  and  HNO^  and  SO,,,  which 
constitute  part  of  what  is  commonly  known  as  pollutants. 


from  the  wings  of  HgO  and  the  relatively  less  important 


187.  K.  Bignell,  F.  Saledy  and  ?.  A.  Sheppard,  "On  the  Atmospheric  Infrared  Continuum,” 

J.  Opt.  Soc.  Am.,  Vol.  53,  No.  4,  1963,  po.  4M-  478. 

188.  D.  E.  Burch,  D.  A.  Cryvnai  and  J.  D.  Pembrook,  Investigation  of  the  Absorption  of  In- 
frared Radiation  by  Atmospheric  Cases,  Report  No.  U-4829,  Phllco-Ford  Corporation, 
1970. 

189.  D.  E.  Burch,  Investigation  of  the  Absorption  of  Infrared  Radiation  by  Atmospheric  Gases, 
Air  Force  Cambridge  Research  Labs.,  Phllco  Report  No.  U-4784,  Phllco  -Ford 
Corporation,  1970. 
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5 

GENERALIZATION  OF  METHODS  OF  CALCULATING 
ATMOSr  IERIC  ABSORPTION 

There  is  no  known  way  of  exactly  a /iving  Eq.  (147)  for  a real  atmosphere  because  of  the 
complex  frequency  variability  of  k(v).  *>en  with  our  current  understanding  of  the  nature  of 
line  parameters,  just  a casual  glance  at  Figure  27,  a graphical  representation  of  part  of  the 
transmission  spectrum,  assures  us  that  numerical  techniques  are  required  for  the  calculation 
of  "Infinitely"  resolved  spectra. 

5.1  LINE-BY-LINE  METHOD  OF  ATMOSPHERIC  TRANSMITTANCE  CALCULATIONS 

One  method  used  In  determining  spectral  transmittance  of  moderate  resolution  is  to  per- 
form what  we  call  a "line -by -line"  calculation.  What  this  means  is  that,  from  the  contributions 
of  all  pertinent  lines,  we  sum  the  valuta  of  the  absorption  coefficients,  k(v)  in  Eq.  (154)  for 
example,  at  as  many  discrete  values  of  v as  will  faithfully  reproduce  the  spectrum.  The  re- 
sult within  the  integral  over  v is  a set  of  discrete  transmittance  values  which,  when  plotted, 
resemble  Figure  27.  A numerical  integration  over  frequency  within  the  proper  interval  Av 
results  in  the  final  spectrum  of  moderate  resolution.  Conceptually  this  calculation  yields,  to 
within  any  desired  accuracy,  the  exact  representation  of  the  value  which  would  be  obtained  by 
an  instrument  whose  resolution  was  Ay  and  whose  spectral  response  over  that  Interval  was 
constant. 

Unfortunately,  many  things  are  implied  by  this  last  statement.  Instruments  do  not  usually 
have  constant  spectral  responses  so  this  factor  must  be  taken  into  account,  which,  again  con- 
ceptually, is  not  difficult  to  do,  but  which  incorporates  a factor  of  complexity  into  the  calcula- 
tion. Other  implications  are  that  the  line  parameters,  and  the  atmospheric  parameters  gov- 
erning the  proper  choice  of  the  absorber  amount,  are  well  known.  Even  when  they  are  known, 
they  can  only  be  incorporated  approximately.  Uncertainties  brought  about  by  these  factors, 
however,  are  inherent  in  any  calculative  method,  including,  and  indeed  especially,  in  the  band 
models  to  be  discussed  in  the  succeeding  section. 

The  only  way,  therefore,  to  assure  the  highest  accuracy  in  calculating  atmospheric  trans- 
mittance is  to  use  the  line -by -line  method  with  a set  of  accurate  line  parameters  with  appro- 
priate meteorological  data.  Unfortunately  this  method,  is  time  consuming  and  expensive  to 
run  on  a computer.  Furthermore,  there  are  still  gaps  of  uncertainty  in  the  only  "complete" 
compilation  currently  in  existence,  i.e.,  the  AFCRL  compilation  (McClatchey,  et  al.,  1973). 
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5.2  BAND-MODEL  METHODS  OF  ATMOSPHERIC  TRANSMITTANCE  CALCULATIONS 

5.2.1  INTRODUCTION  TO  THE  BAND-MODEL  CONCEPT 

Many  applications  do  not  require  a highly  accurate  determination  of  the  absorption  spec- 
tra, but  only  a first-order  approximation  to  the  true  spectra,  and  in  many  cases  the  spectra 
may  have  relatively  low  resolution.  Therefore,  almost  all  of  the  available  methods  for  com- 
puting atmospheric  absorption  use  approximations  which  reduce  Eq.  (154)  to  a form  which  ex- 
presses the  transmission,  averaged  over  some  interval,  In  terms  of  elementary  functions. 

The  simplified  equation  is  then  used  with  laboratory  homogeneous -path  data  to  derive  appro- 
priate parameters  and  predict  absorption  for  other  homogeneous  paths. 

The  classical  approach  used  In  performing  the  simplification  of  Eq.  (154)  is  that  of  using 
a model  of  the  band  structure.  That  is,  it  is  assumed  that  the  line  positions  and  strengths 
are  distributed  in  a way  that  can  be  represented  by  a simple  mathematical  model.  The  most 
commonly  used  band  models  are  listed  here.* 

(1)  The  Elsasser  or  regular  model  [191]  assumes  spectral  lines  of  equal  strength,  equal 
spacing,  and  identical  half -widths.  The  transmission  function  is  averaged  over  an  Interval 
equal  to  the  spacing  between  the  line  centers. 

(2)  The  statistical  or  random  model,  originally  developed  for  water  vapor  assumes  that 
the  positions  and  strengths  of  the  lines  are  given  by  a probability  function.  The  statistical 
model  was  suggested  by  Telles  and  worked  out  by  Mayer  [192]  and  (independently)  Goody  [193] . 

(3)  The  random  -Elsasser  model  [194]  is  a generalization  of  the  Elsasser  model  and  the 
statistical  model.  It  assumes  a random  superposition  of  any  number  of  Elsasser  bands  of 
different  strengths,  spacings,  and  half -widths.  Therefore,  as  the  number  of  bands  ranges 
from  one  to  infinity,  the  b*  'd  model  extends,  respectively,  from  the  Elsasser  model  to  the 
purely  statistical  model.  This  generalization,  therefore,  yields  an  Infinite  set  of  absorption 
curves  between  those  of  the  Elsasser  and  statistical  models. 


*Other  band  models  have  been  developed  and  are  discussed  in  detail  by  R.  M.  Goody  (1964). 
101.  W.  M.  Elsasser,  Phya.  Rev.,  Vol.  54,  1938,  p.  128. 

192.  H.  Mayer,  Methods  of  Opacity  Calculations,  V.  Effect  of  Lines  on  Opacity,  Methods  for 
1‘reatiug  Line  Contribution,  Report  No.  AECD-1870,  Los  Alamos  Scientific  Laboratory, 

Los  Alamos,  Calif.,  1947. 

193.  R.  M.  Goody,  "A  Statistical  Model  for  Water-Vapour  Absorption,"  Royal  Meteor.  Soc., 

VoL  78,  1932,  pp.  165-169. 

194.  G.  N.  Plass,  "ModeU  for  Spectral  Band  Absorption,"  J.  Opt  Soc.  Am.,  Vol.  48,  1958, 
p.  690. 
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(4)  The  best  available  model  is  the  quasi-random  model  [195].  It  Is  capable  of  fairly 
accurate  representation  of  the  band,  provided  the  averaging  interval  is  made  sufficiently 
small.  However,  of  all  the  models,  it  requires  the  greatest  amount  of  computation. 


5.2.2  A SINGLE  LORENTZ  LINE 

Let  us  consider  the  absorption  caused  by  a single  spectral  line  of  a homogeneous  path  of 
a single  absorbing  gas.  Let  us  assume  that  the  shape  of  this  line  Is  represented  by  the 
Lorentz  equation.  For  these  conditions  the  absorption  is  given  by 
f r 


AAi/  = 


v 


1 - exp 


i 


Sahp 


dx 


0 faL 


►dr 


(161) 


For  a homogeneous  path  S,  a and  p are  constant;  Equation  (161)  further  reduces  to 


AAr  = 


— ~ 

“N 

1 - exp  - 

S nLw 

A 

x , .2  2 

(p-v0)  +aL 
— — 

Jap 

s. 

4 

>dr 


(162) 


where 


fX 

w = I pdx'  = 
Jo 


px  and  is  defined  as  the  absorber  amount. 


A plot  of  absorption  versus  frequency  1b  shown  in  Figure  28  for  different  path  lengths,  or 
for  different  values  of  w.  The  absorption  caused  by  this  line  for  au  optical  path  of  length 
would  be  considered  a weak  line  since  the  absorption  is  small  even  at  the  line  center.  For  a 
path  of  length  x^,  the  center  of  the  line  is  completely  absorbed  and  any  further  increase  in 
path  length  would  only  change  the  absorption  in  the  wings  of  the  line.  Absorption  by  paths  of 
length  equal  to  or  greater  than  x^  would,  therefore,  be  considered  strong-line  absorption. 

In  Eq.  (162),  if  it  is  assumed  that  the  interval  Ap  is  such  that  the  entire  line  is  Included, 
then  the  limits  of  integration  can  be  taken  from  -co  to  co  without  introducing  a significant 
error.  When  these  limits  are  used,  Eq.  (162)  can  be  solved  exactly  for  the  total  absorption. 
Ladenburg  and  Relche  (1913)  have  solved  the  Integral  to  obtain 

AAi/  = Zna^  ♦ Ij(V')]  (163) 

where  = Sw/2iraL  and  Iq  and  1^  are  Beasel  functions  of  imaginary  argument.  Examining 
Eq.  (163)  under  conditions  of  weak -line  and  strong-line  absorption,  we  have  for  weak -line 
absorption  & « 1;  Eq.  (163)  reduces  to 


105.  P.  J.  Wyatt,  V.  R.  Stull  and  G.  N.  Pla as,  "Quaal-RAndom  Model  of  Band  Absorption," 
J.  Opt.  Boc.  Am.,  Vol.  52,  No.  11,  1032(b),  p.  1209. 
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AAy  = 2ita^jp  = Sw  • (164) 

and  absorption  is  linear  with  the  optical  path  length  w.  Under  conditions  of  6trong-line  ab- 
sorption ^ is  large  anri  Eq.  (163)  reduces  to 

AAy  - P-ifia.  w (165) 

* -Li 

which  is  known  as  the  square -root  approximation.  The  above  derivations  are  for  a single 
spectral  line  but  are  also  valid  for  absorption  when  many  spectr.  1 lines  are  present  but  do 
not  overlap.  Therefore,  for  the  nonoverlapping  anproximation  the  absorption  is  simply  given 
by  Eq.  (163),  (164)  or  (165),  depending  upon  the  value  of  'p. 


5.2.3  ELSASSER  MODEL 


The  Elsasser  model  of  an  absorption  band  is  formed  by  allowing  a single  Lorentz  line  to 
repeat  itself  periodically  throughout  the  Interval  Ay.  This  gives  rise  to  a series  of  lines  that 
are  equally  spaced  and  that  have  a constant  strength  and  half -width  throughout  the  interval. 
This  arrangement  of  spectral  lines  was  first  proposed  by  Elsasser  (1938)  and  his  derivation 
is  presented  here.  The  absorption  coefficient  for  a periodic  band  is  given  by  (for  n integer): 
00 


k(y)  a 


n^-oo 


(u  - nd)  +aL 


(166) 


It  is  possible  to  express  Eq.  (166)  in  terms  of  an  analytical  function  owing  to  the  fact  that  If 
such  a function  has  only  single  poles,  it  is  uniquely  defined  by  these  poles.  Therefore, 

Lq.  (166)  is  equivalent  to 


k(y)  = 


S glnh  g 
d cosh  p - cos  s 


(167) 


where  f)  = Jbraj/d 
s = 2ir  i/d 


If  the  averaging  interval  Ay  is  taken  as  one  period  of  the  band  (Ay  = 2ir),  then  the  average  ab- 
sorption becomes: 


- exp  [-wk(0,  s)]}ds 


(168) 


This  integral  has  been  evaluated  by  Elsasser  to  give  the  general  expression  for  absorption 
by  an  Elsasser  band,  namely 
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A' 


L 

A = sinh  0 

where  0 = 2nar  / d 
Li 

Y = 0i^/sinh  /3 
4-  = Sw/Offa^ 

d = mean  spacing  between  spectral  lines 
I is  a Bessel  function  of  imaginary  argument. 

A plot  of  this  function  for  various  values  of  0 is  given  in  Figure  29.  Because  the  function  in 
its  present  form  is  difficult  to  evaluate,  considerable  effort  has  been  expended  comparing 
approximate  formulae  and  evaluating  the  integral.  Kaplan  [196]  has  expanded  the  integral 
into  a series  which  is  convergent  only  for  values  of  0 less  thtui  1.76.  An  algorithm  for  the 
Flsasser  Integral  which  is  convergent  for  all  values  of  0 and  Is  written  in  a computer  pro- 
gram used  in  the  calculation  of  spectral  transmittance  with  the  Aggregate  Method  (see  Sec- 
tion 7.4).  However,  it  is  frequently  desirable  to  work  with  approximations  to  the  function 
which  are  valid  for  certain  conditions. 


(Y)  exp  (-Y  cosh  0)dY 


(169) 


5. 2. 3.1  Weak -Line  Approximation 

In  Figure  30,  the  absorption  given  by  Eq.  (169)  is  plotted  as  a function  of  the  product 
04*  = Sw/d  for  four  values  of  0.  It  is  noted  for  0 § 1 that  the  absorption  curvet,  become  super- 
imposed for  all  values  of  4/-  Since  the  parameter  0 measures  the  ratio  of  line  width  to  the 
distance  between  neighboring  lines,  (3  £ 1 implies  that  the  spectral  lines  are  strongly  overlap- 
ping and  spectral  line  structure  is  not  observable.  This  condition  corresponds  to  large  pres- 
sures which  would  be  realistic  for  atmospheric  paths  at  low  altitudes.  For  0 g 1,  Eq.  (169) 
can  be  approximated  by 


A = 1 - e 


-04* 


(170) 


Further,  Eq.  (170)  is  a good  approximation  to  Eq.  (169)  whenever  the  absorption  is  small  at 
the  line  centers  (small  4/)  regardless  of  the  value  of  0.  Therefore,  this  approximation  is  re- 
ferred to  as  the  weak -line  approximation,  and  is  Independent  of  the  position  of  the  spectral 
lines  within  the  band.  Table  19  summarizes  the  regions  of  0 and  i/.-  for  which  the  weak -line 
approximation  is  valid  with  an  error  of  less  than  10%.  This  approximation  Is  par.  .alarly 
useful  in  extrapolating  the  absorption  to  small  values  of  4/  and  to  large  values  of  pressure. 
Note  that  the  weak -line  approximation  reduces  to  the  linear  approximation  when  the  absorp- 
tion is  small  even  If  the  lines  overlap. 


i 


133.  L.  D.  Kaplan,  "Regions  of  Validity  of  Various  Absorption-Coefficient  Approximations,” 
J.  Mcteorol.,  Vol.  10,  1053(a). 
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TABLE  19,  REGIONS  OF  VALIDITY  OF  VARIOUS  APPROXIMATIONS 
FOR  BAND  ABSORPTION* 


Statistical 

Statistical 

Model; 

ModeljAll 

Exponential 

P = 2na^/d 

Elsasser 

Lines  Equally 

Line  Intensity 

Approximation 

Model 

Intense 

Distribution 

Strong-line 

0.001 

> 1.63 

4*  > 1.63 

> 2A 

approximation: 

0.01 

4'  > 1J63 

4>  > 1.63 

*0  > 2 4 

0.1 

4'  > 1.63 

4 ' > 1.63 

> 2.3 

> 1.4 

1 

4'  > 1.35 

4'  > l.l 

10 

4'  > 0.24 

4'  > 0.24 

i//!r  > o.27 

100 

1 {/  > 0.024 

4 ' > 0.024 

4>q  > 0.24 

Weak-line 

0.001 

4>  < 0.20 

4/  < 0.20 

* n < 0.10 

approximation: 

0.01 

4'  < 0.20 

4>  < 0.20 

<0.10 
< 0.10 

0.1 

4/  < 0.20 

4 > < 0.20 

1 

4*  < oo 

^ < 0.23 

4'n  < 0.11 

10 

4/  < co 

4/  < oo 

i'o  <°° 

100 

4/  < CD 

4/  < CD 

< w 

Nonoverlapping- 

0.001 

4'  < 600,000 

4 / < 63,000 

4'n  < 80,000 
< 800 

line 

0.01 

4>  < 6000 

4'  < 630 

approximation: 

0.1 

4>  < 60 

4>  < 6.3 

*°0<s 

1 

4>  < 0.7 

4'  < 0.22 

4'n  < 0.23 
4"  < 0.020 

10 

4/  < 0,02 

4 ' < 0.020 

100 

4 > < 0.002 

4>  < 0.0020 

4'q  < 0.0020 

*When  4'  = Sw/2ir£»L  satisfies  the  given  inequalities,  the  indicated  approxima- 
tion for  the  absorption  is  valid  with  an  error  of  less  than  10%.  For  the  exponen- 
tial line  intensity  distribution,  4' g = Sgw/2saLr  where  P(S)  = Sg"1  exp  (-S/Sg). 
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5. 2.3. 2 Strong-Line  Approximations 

Of  Increasing  Interest  are  the  long  atmospheric  paths  at  high  attitudes  which  give  rise  to 
large  values  of  w and  small  values  of  pressure.  Under  these  conditions  the  absorption  at  the 
line  centers  Is  usually  complete  (large  V'),  the  half -widths  are  narrow,  and  the  lines  do  not 
overlap  strongly  (small  0).  For  large  ^ and  small  p,  Eq.  (169)  may  be  approximated  by 


A = erf 


(171) 


where 


eri  (t)  = 


dt 


which  is  known  as  the  strong -line  approximation  to  the  Elsasser  band  model.  Figure  31  Is  a 

2 

plot  of  Eq.  (169)  with  absorption  as  a function  of  p For  p S 0.01,  Eqs.  (169  and  171)  are 
o 

superimposed  for  p V'  > 0.0003.  Clcaily,  given  small  p and  large  i//,  Eq.  (171)  Is  a particu- 
larly good  approximation  for  representing  the  absorption  when  0 5 1.  If  p s 1,  then  Eq.  (171) 
is  valid  whenever  0.1  f Af  1.  This  Includes  most  values  of  absorption  that  are  usually  of 
Interest.  This  case  differs  from  the  square -root  approximation  in  that  it  Is  not  necessary 
that  the  lines  do  not  overlap.  For  overlapping  Bpectral  lines  (larger  0),  the  values  of  for 
which  the  approximation  !s  valid  are  simply  restricted  to  large  values  of  The  specific 
regions  of  validity  are  given  In  Table  19. 


5. 2.3. 3 Nonoverlapplng  Approximation 

The  third  approximation  to  the  Elsasser  band  model  is  known  as  the  nonoverlapping  ap- 
proximation. The  regions  of  validity  for  the  strong-line  and  weak -line  approximations  depond 
only  upon  the  value  of  absorption  at  the  frequency  of  the  line  centers  and  do  not  depend  upon 
the  degree  of  overlapping  of  the  spectral  lines.  On  tho  other  hand,  the  only  requirement  for 
the  validity  of  the  nonoverlapplng-llne  approximation  is  that  the  spectral  lines  do  not  Overlap 
appreciably.  It  Is  valid  regardless  of  the  value  of  the  absorption  at  the  line  centers.  This 
approximation  Is  particularly  useful  for  extrapolating  the  absorption  to  small  values  of  w and 
small  values  of  pressure  which  correspond  to  short  paths  at  high  altitudes.  Under  these  con- 
ditions Eq.  (169)  reduces  to 

A - p<P  + IjW]  (172) 

which  Is  exactly  the  same  expression  as  that  obtained  for  the  absorption  by  a single  spectral 

i 

line.  This  Is  an  expected  result,  for  If  the  lines  do  not  overlap  there  will  be  only  one  line 
that  contributes  to  the  absorption  at  a given  frequency. 
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W = Sw/d 


FIGURE  30.  ABSORPTION  AS  A FUNCTION  OF 
Pi'  = Sw/d  FOR  THE  ELSASSER  MODEL.  The 
weak-line  approximation  is  the  uppermost  curve. 


——  Constant  Pressure 
Constant  Amount 


of  Absorbing  Gas 


2»oSw/d^ 


FIGURE  31.  ABSORPTION  AS  A FUNCTION  OF 
■=  2nctj,  Sw/d2  FOR  THE  ELSASSER  MODEL. 
Curves  are  shown  for  constant  pressure  (0  = 
constant)  and  for  constant  amount  of  the 
absorbing  gas  (0i^  « constant).  The  strong-line 
approximation  Is  the  uppermost  curve. 
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In  Figure  32,  A/0  is  given  as  a function  of  The  uppermost  curve  is  the  nonoverlapping 
approximation.  For  \p  « 1,  the  curve  has  a slope  of  1 (i.e.,  a region  where  the  weak -line 
approximation  is  valid)  and  for  i*  » l the  curve  has  a slope  of  one-half  (i.e.,  a region  where 
the  strong-line  approximation  is  valid).  The  region  of  validity  for  various  values  of  0 and  \p 
Is  given  in  Table  19. 

The  general  expression  for  absorption  by  an  Elsasser  band  given  by  Eq.  (169)  and  the 
strong-line  approximation  Eq..(171)  are  useful  for  determining  absorption  by  C02  since  the 
bands  consist  of  fairly  regularly  spaced  lines.  However,  the  bands  of  HgO  and  Oj  have  a 
highly  irregular  fine  structure  and  cannot  be  well  described  by  Eq.  (169).  To  develop  an 
analytical  expression  for  the  transmissivity  function  for  HgO  and  Oj,  we  must  employ  statis- 
tical methods. 

Golden  [197]  has  described  an  Elsasser  regular  model  using  the  Doppler  shape  analog 
to  the  Lorentz  line.  The  reader  is  referred  to  the  original  article  for  further  elaboration. 

5.2.4  STATISTICAL  BAND  MODEL 

Let  Ap  be  a spectral  Interval  in  which  there  are  n lines  of  mean  distance  d. 

Ap  = nd  (173) 

Let  P(Sj)  be  the  probability  that  the  i-th  line  will  have  a strength  Sj  and  let  P be  normalized; 
then 


P(S)dS  = 1 (174) 

Jo 

We  assume  that  any  line  has  equal  probability  of  being  anywhere  in  the  interval  Lv.  The 
mean  absorption  clearly  doeB  not  depend  upon  p provided  we  are  far  enough  away  from  the 
edges  of  the  interval.  We  shall,  therefore,  determine  it  for  v * 0,  the  center  of  the  interval. 
If  we  let  the  center  of  the  l-th  line  be  at  Vq  = then  the  absorption  coefficient  becomes 

ki*Sl’  V = k'1'  = *’V  *'0  = °) 


The  mean  transmissivity  is  found  by  averaging  over  all  positions  and  all  strengths  of  the 
lines;  thus 


5^4*1  • • • Kp,s‘’  •*’*i  • • ■ ■ Cpe"'  e*'ds" 


(M 

But  since  all  Integrals  are  alike, 


197.  S.  A.  Golden,  "The  Doppler  Analog  ol  the  Elcaaser  Band  Model,"  J.  Quant.  Spect.  Rad. 
Tuna.,  Vol.  7,  1887,  pp.  483-494. 


! 
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e_kwdS  1-^JdvJ] 


P(S)(1  - e_kw)dS 


Since  Ay  = nd,  when  n becomes  large  the  last  expression  approaches  an  exponential;  therefore, 


t = exp 


-jjptSKAjAiOdS 


where 


IjAi']  = J (1  - e k 


is  the  absorptivity  of  a single  line  taken  over  the  interval  Ay. 

5. 2.4.1  Equal  Intensity  Lines 

Equation  (175)  can  be  evaluated  for  two  special  cases.  First,  when  all  the  lines  have 
equal  Intensities  Eq.  (175)  reduces  to 

-A.  Ay/d  f ^ ■> 

r = e = exp  | -0t//  e ^[IqW)  + IjM]  j 

Rewriting  in  terms  of  absorption,  we  have 

A = 1 - exp  |-0i//  e"^[I()(V')  + I1(^')]  J (1' 

If  each  of  the  lines  absorbs  weakly  so  that  4*  is  small,  then  Eq.  (170)  reduces  to 

A = 1 - exp  (-P41)  (11 

This  is  the  weak -line  approximation  to  the  statistical  model  with  all  lines  equally  intense. 
If  the  lines  absorb  strongly,  then  Eq.  (176)  reduces  to 

A = 1 - exp  (-2V5»Lw/d)  (11 

In  terms  of  0 and 


A = 1 - exp 


This  is  the  strong-line  approximation  to  the  statistical  model  in  whieh  all  lines  are  equally 
intense. 

The  nonoverlapping  approximation  to  Eq.  (176)  is  obtained  from  the  first  term  In  the  ex- 
pansion of  the  exponential,  so  that 

A = 0*  e"*fy«/)  + IjMJ  (180) 
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This  Is  the  same  expression  as  that  obtained  for  the  nonoverlapping  approximation  to  the 
Elsasser  model,  Eq.  (172). 

5. 2.4. 2 Line  Strenrth  by  Poisson  Distribution 

Next,  let  us  consider  the  case  where  the  lines  are  of  different  strength  and  the  distribu- 
tion for  the  probability  of  their  strength  is  a simple  Poisson  disti  ibution,  namely, 


i -a*,. 

P(S)  =fe  0 

so 


(181) 


By  letting  k = Sgb(y)  in  Eq.  (175),  we  obtain  (where  b(y)  is  the  shape  factor): 

(i  f S0 

W*1 


r = exp  i 


b(j/)wS, 


(182) 


We  now  Introduce  the  Lorentz  line  shape 

b(v)  = 


*4) 


This  vanishes  fast  enough  for  large  A v that  we  can  extend  the  integration  in  Eq.  (182)  from 
-oo  to  oo,  giving 


t = exp 


|_  + <wS0aL)/’I_ 


(183) 


Rewriting  in  terms  of  absorption  and  0 and  we  have 
A - 1 - exp  [-fl*c/(l  + 2^q)1/2] 


(184) 


where  = S^w/Zna^.  This  is  the  formula  developed  by  C-oody  and  is  therefore  referred  to 
as  the  Goody  band  model. 

The  weak -line  approximation  to  Eq.  (184)  is  obtained  when  « 1.  Under  these  condi- 
tions Eq.  (1 84)  becomes 


A = 1 


-exp  (- ) 


(185) 


The  strong-line  approximation  to  the  statistical  model  with  an  exponential  distribution  of 
line  strengths  is  obtained  when  tj/  » 1.  Under  these  conditions  Eq.  (184)  becomes 


A = 1 - exp 


n 2 \I/21 

[-(r*)  J 


(188) 
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The  nonoverlapping  approximation  is  obtained  from  Eq.  (184)  when  the  exponent  is  small 
and  is  therefore  given  by  the  first  two  terms  of  the  expansion,  or 

A = WQ/b  + 2^q)1/2  (187) 

5. 2.4. 3 Strong-Line,  Weak -Line,  and  Nonoverlapping  Approximations 

The  three  approximations  to  the  two  statistical  models  above  will  be  discussed  concur- 
rently because  they  are  so  closely  related.  First,  we  shall  consider  the  weak -line  approxima- 
tion. Recall  for  this  case  that  absorption  was  given  by  A = 1 - exp  (-flip),  which  is  exactly  the 
express)  '**»  obtained  for  the  weak -line  approximation  to  the  Elsasser  band  model.  The  same 
expression  results  when  an  exponential  distribution  of  line  strengths  is  assumed  with  ip  re- 
placed by  >Pq-  This  confirms  our  earlier  statement  that  under  weak -line  absorption,  absorp- 
tion is  independent  of  the  arrangement  of  the  spectral  lines  within  the  band.  Absorption 
versus  fip  is  plotted  for  Eq.  (176)  in  Figure  33.  The  solid  curves  give  the  absorption  for  the 
statistical  model  for  the  case  in  which  all  lines  are  equally  intense.  The  dashed  curves  give 
the  absorption  for  the  statistical  model  with  an  exponential  distribution  of  line  strengths. 

The  uppermost  solid  and  dashed  curves  represent  the  weak -line  approximations  for  those  In- 
tensity distributions.  The  regions  of  validity  are  given  in  Table  19.  For  the  case  in  which 
all  lines  are  equally  Intense,  the  weak -line  approximation  is  always  valid  within  10%  when 
\p  < 0.2.  It  is  valid  for  the  exponential  Intensity  distribution  when  p < 0.1.  If  1%  accuracy 
is  required,  these  values  of  p should  be  divided  by  10. 

The  strong-line  approximation  to  the  statistical  model  for  all  lines  of  equal  strength  and 

for  an  exponential  distribution  of  line  strengths  are  given  respectively  by  Eqs.  (179  and  18<J). 

2 

The  absorption  for  these  models  as  a function  of  0 p is  shown  in  Figure  34.  The  strong-line 
approximation  is  the  uppermost  curve  In  the  figure.  The  absorption  can  even  become  greater 
than  the  limiting  values  given  by  this  curve.  It  is  evident  that  the  distribution  of  the  line 
strengths  in  a band  only  slightly  influences  the  shape  of  the  absorption  curve.  As  for  the 
strong-line  approximation  to  the  Elsasser  model,  the  strong-line  approximation  to  the  statis- 
tical model  for  either  distribution  of  line  strengths  is  always  valid  when ,9  s 1 and  0.1  £ A?  1. 
The  complete  regions  of  validity  are  given  in  Table  19. 

I 

The  last  approximation  to  be  discussed  for  the  statistical  model  is  the  nonoverlapping 
approximation.  For  all  lines  of  equal  strength  the  absorption  is  given  by  the  expression  used 
for  the  nonoverlapping  approximation  to  the  Elsasser  model,  namely, 

A = pip  e‘^'[I0(^)  + IjM]  | 
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FIGURE  32.  ABSORPTION  DIVIDED  BY  (S  AS  A 
FUNCTION  OF  ty  = Sw/2 na  FOR  THE  ELSASSER 
MODEL.  The  nonoverlapplng-line  approximation 
is  the  uppermost  curve. 
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FIGURE  33.  ABSORPTION  AS  A FUNCTION  OF 
Pty  - Sw/d  FOR  THE  STATISTICAL  MODEL.  The 
absorption  for  a model  in  which  the  spectral  lines 
are  all  of  equal  intensity  is  compared  with  that 
for  a model  in  which  the  spectral  linen  have  an 
exponential  intensity-distribution  function.  The 
weak-line  approximation  is  the  uppermost  curve. 
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For  an  exponential  distribution  of  line  strengths  the  absorption  is  given  by  Eq.  (187).  There- 
fore, the  strength  distribution,  but  not  the  regular  or  random  spacing  of  the  spectral  lines, 
influences  the  absorption  curve  in  this  approximation.  In  Figure  35,  A/0  is  plotted  as  a func- 
tion of  for  the  statistical  model.  Note  that  if  this  figure  is  compared  with  the  corresponding 
one  for  the  Elsasser  model  the  nonoverlapping  approximation  to  the  Elsasser  model  has  a 
considerably  larger  region  of  validity.  This  is  because  the  spectral  lines  begin  to  overlap  at 
considerably  larger  path  lengths  for  tire  Elsasser  model  than  for  the  statistical  model  (cf. 
Table  19). 

Three  important  approximations  to  the  band  models  of  Elsasser  and  Goody  have  been 
discussed  above.  These  three  approximations  provide  a reliable  means  for  the  extrapolation 
of  laboratory  absorption  data  to  values  of  the  pressure  and  path  length  that  cannot  easily  be 
reproduced  in  the  laboratory.  For  example,  the  absorption  for  large  values  of  pressure  can 
be  obtained  from  the  strong-  and  weak -line  approximations,  depending  upon  whether  w is 
relatively  large  or  small.  For  extrapolation  to  small  values  of  pressure  all  three  approxima- 
tions may  be  used  in  their  respective  region  of  validity;  however,  the  nonoverlapping -line 
approximation  is  valid  over  the  largest  range  of  values  of  w.  For  extrapolation  to  large 
values  of  w,  either  the  strong-  or  weak -line  approximation  may  be  used,  but  the  former  ap- 
proximation is  valid  over  a much  wider  range  of  pressure  than  the  latter.  For  extrapolation 
to  small  values  of  w,  all  three  approximations  may  be  used  in  their  respective  regions  of 
validity;  however,  the  nonoverlapping-llne  approximation  is  valid  over  a wider  range  of  pres- 
sure. In  general,  atmospheric  slant  paths  that  are  of  interest  to  the  systems  engineer  con- 
tain relatively  large  amounts  of  absorber  and  the  range  of  pressures  are  such  that  the  strong- 
line approximation  to  any  of  the  models  Is  applicable.  As  will  be  seen  in  Section  6,  almost 
all  researchers  use  the  6trong-line  approximations  to  the  various  band  models  to  develop 
equations  for  predicting  absorption  over  a specified  frequency  band. 


5. 2.4.4  Exponential -Tailed  S~*  Random  Band  Model 

More  recently,  Malkmus  [198]  described  a model  comprising  a line  strength  distribution 
which  is  defined  by 


p<s)  = s-‘  [-(r)^ 


where  Sg  is  fixed  in  the  expressions 


w-0  t(W/d)/w]  = Sg/dg 


191  W.  Maikmus,  "Random  Lorentz  Band  Model  with  Exponential -Tailed  S"1  Line-Intensity 
Distribution  Function,"  J.  Opt.  Soc.  Am.,  Vol.  57,  No.  3,  1967,  pp.  S23-*79. 
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FIGURE  34.  ABSORPTION  AS  A FUNCTION  OF 
= 2iraLSw/d2  FOR  THE  STATISTICAL  MODEL. 
Curves  are  shown  for  constant  pressure  (0  = con- 
stant) and  for  constant  amount  of  the  absorbing 
gas  » constant).  The  absorption  is  ohown  when 
all  the  spectral  lines  have  equal  Intensity  and  when 
there  is  an  exponential  intensity-distribution  func- 
tion. The  strong-line  approximation  is  the  upper- 
most curve. 


41  - Sw/2vo^ 


All  Lines  Equally  Intense 

Exponential  Intensity 

Distribution 


FIGURE  35.  ABSORPTION  DIVIDED  BY  0 AS  A 
FUNCTION  OF  ^ c Sw/2re^  FOR  THE  STATIST- 
ICAL MODEL.  The  absorption  for  a model  in 
which  the  spectral  lines  are  all  of  equal  intensity 
la  compared  with  that  for  a mod*l  m which  the 
spectral  lines  have  an  exponential  intensity- 
distribution  function.  The  nonoverlapping-line 
approximation  is  the  uppermost  curve. 
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and 

^[(W/<l)w1/2J.2(S^L),/y’<lE 

where 

W/d  = -fn  ta 
Al> 

The  resultant  transmittance  is  given  by: 


5.2.5  RANDOM  ELSASSER  BAND  MODEL 

At  small  values  of  the  same  absorption  is  predicted  by  the  statistical  and  Elsasser 
models,  and  is  determined  by  the  total  strength  of  all  the  absorbing  lines.  However,  as  'P  in- 
creases the  results  calculated  from  these  two  models  begin  to  diverge;  the  Elsasser  theory 
always  gives  mere  absorption  than  does  the  statistical  model  for  a given  value  of  p.  The 
reason  for  this  is  that  there  is  always  more  overlapping  of  spectral  lines  with  the  statistical 
model  than  with  the  regular  arrangement  of  lines  in  the  Elsasser  model;  thus,  for  a given  path 
length  and  pressure,  the  total  line  strength  is  not  used  as  effectively  for  absorption  in  the 
statistical  model. 

An  actual  band  has  its  spectral  lines  arranged  neither  completely  at  random  nor  at  reg- 
ular intervals.  The  actual  pattern  is  formed  by  the  superposition  of  many  systems  of  lines. 
Therefore,  for  some  gases  and  some  spectral  regions  the  absorption  can  be  represented 
more  accurately  by  the  random  Elsasser  band  model  than  by  either  the  statistical  or  Elsasser 
model  alone.  The  random  Elsasser  band  model  is  a natural  generalization  of  the  original 
models  which  assumes  that  the  absorption  can  be  represented  by  the  random  superposition  of 
Elsasser  bands.  The  individual  bands  may  have  different  line  spaclngs,  half -widths,  and 
strengths.  As  the  number  of  superposed  Elsasser  bands  becomes  large,  the  predicted  absorp- 
tion approaches  that  of  the  usual  statistical  model. 


The  absorption  for  N randomly  superposed  Elsasser  bands  with  equal  strengths,  half- 
widths, and  line  spaclngs  is  given  by 


= 1 - 1 - erf  V/N2)172] 
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The  derivation  of  this  equation  and  the  more  general  equation  for  different  strength n,  half- 
widths,  and  the  line  spaclngs  is  discussed  in  detail  by  Plans  (1953).  The  more  general  result 
is  not  presented  here  since  the  result  given  above  is  the  only  function  which  has  received 
application, 

5.2.6  QUASI-RANDOM  MODEL 

The  fourth  band  model  that  has  been  developed.  Ref.  [199]  and  Wyatt,  et  al.,(1962j — the 
quasi-random  band  model — reportedly  presents  a more  realistic  model  of  the  absorption 
bands  of  water  vapor  and  carbon  dioxide.  It  does  not  require  that  the  lines  be  unifor  xily  nor 
randomly  spaced,  but  can  represent  any  type  of  spacing  which  may  occur.  It  also  accur  ately 
simulates  the  strength  distribution  of  the  spectral  lines  including  as  many  of  the  weaker  lines 
as  actually  contribute  to  the  absorption.  Furthermore,  it  provides  a means  of  accurately  cal- 
culating the  effect  of  wing  absorption  from  spectral  lines  whose  centers  are  outside  the  given 
frequency  interval.  The  quasi -random  model  allows  for  more  accurate  prediction  of  absorp- 
tion than  do  the  other  three  models  but  sacrifices  simplicity  in  the  process.  'Mien  this  model 
is  used  the  general  transmissivity  function  cannot  be  expressed  in  terms  of  elemen  ary  func- 
tions. Moreover,  to  determine  accurate  absorption  spectra  by  this  method,  a priori  knowledge 
of  the  band  structure  is  required,  as  it  is  in  tve  rigorous  method. 

The  quasi -random  model  is  characterized  by  the  following  features: 

(1)  The  frequency  interval  An  for  which  the  transmission  is  desired  is  divided  into  a set 
of  sublnterv^ls  of  width  0,  Within  the  small  interval  6 the  lines  are  assumed  to  be  arranged 
at  random.  The  transmission  over  Ap  » 6 is  then  calculated  by  averaging  the  results  from 
the  smaller  intervals. 

(2)  The  Interval  Ap  is  divided  into  subintervals  0 in  an  arbitrary  manner.  The  transmis- 
sion is  first  calculated  for  one  mesh,  which  defines  a certain  set  of  frequency  intervals.  The 
calculation  !s  repeated  for  another  mesh  which  is  shifted  In  frequency  by  6/2  relative  to  the 
first  set.  In  principle,  u.  . can  be  shifted  n times  by  an  amount  6/n.  The  final  calcula- 
tion I"  !xn  the  average  of  the  resui-U.  for  each  of  these  meshes. 

(3)  The  transmission  fo»  e<*  \ subinterval  5 is  calculated  from  expressions  which  are 
valid  for  a finite  and  poss't.i,  small  number  of  spectral  lines  In  the  Interval. 

(4)  The  spectral  lines  in  each  frequency  Interval  are  divided  into  line-strength  sub- 
groups which  are  fine  enough  to  simulate  the  actual  strength  distribution.  In  the  calculation, 
the  average  strength  of  all  the  lines  in  each  subgroup  is  used  with  the  actual  number  of  lines. 


199.  J.  I.  F.  Cing,  "Band  Absorption  Model  (or  Arbitrary  Line  Variance,"  J.  Qoaat.  Speet. 
Rad.  Trans.,  Vol  4,  1204,  pp.  705  711. 
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(5)  The  contribution  from  the  wings  of  the  spectral  lines  whose  centers  are  outside  a 
given  interval  is  Included.  The  wing  effect  is  treated  in  the  same  detailed  manner  used  for 
evaluating  the  contribution  from  the  lines  within  an  interval. 


Let  us  consider  one  interval  6^  of  a given  mesh, 
with  their  line  centers  at  the  frequencies  = 1,  2,  . 
frequency  v is  affected  by  these  n^  lines  so  that 

nr 

r (v)  = 4-11  exp  [-wk(n,  v.)]  dn 
r r 1=1"' 6 1 ‘ 


If  there  are  n^  lines  in  the  interval 
. . , nj,),  then  the  transmission  at  the 

(189) 


where  w is  the  amount  of  absorber  and  k(v,  p.)  may  be  expressed  as  k(n,  v.)  = S.’o(n,  v ).  The 
quantity  b(v,  a)  is  the  line-shape  factor  (Lorentz,  Doppler,  etc.),  and  is  the  strength  of  the 
i-th  line,  '’"he  transmission  is  calculated  at  some  frequency  \>  which  for  convenience  is 
usually  taken  at  the  center  of  the  interval  6^.  Since  this  transmission  corresponds  to  the 
average  of  all  permutations  of  the  positions  of  the  spectral  lines  within  the  interval,  it  is 
also  assumed  to  represent,  the  most  probable  transmission  for  the  interval. 


To  be  completely  rigorous  the  transmission  of  each  spectral  line  should  be  calculated 
from  its  intensity  and  position  and  then  substituted  into  Eq.  (189).  This  procedure  would  re- 
quire a computation  time  analogous  to  that  required  for  the  rigorous  method  and  hence  would 
defeat  the  purpose  of  employing  a band  model.  Thus,  a method  is  used  which  simulates  the 
actual  strength  distribution. 

The  procedure  adopted  for  line-strength  simulation  is  to  divide  the  lines  in  each  frequency 
Interval  Into  subgroups  by  Intensity  decades.  When  the  line  strengths  are  calculated,  the  re- 
sults are  grouped  according  to  these  strength  decades.  The  average  strength  S.  of  the  lints 
in  each  decade  la  then  calculated. 

Wyatt,  Stull,  and  Plass  (1962a)  have  found  that  only  the  first  five  strength  decades  for 
each  frequency  interval  influence  the  value  of  transmission.  Thus  only  the  data  for  the  five 
strongest  strength  decades  need  be  retained  for  each  frequency  interval.  It  should  be  empha- 
sized that  the  numerical  range  of  ihe  line-strength  decades  retained  is  quite  different  for  a 
frequency  Interval  which  contains  strong  lines  than  for  one  which  has  weak  lines.  The  cri- 
terion Is  applied  separately  to  each  frequency  Interval. 

Thus,  the  transmission  cam  be  calculated  by  the  following  equation  from  the  average 
value  of  the  s*rength  Rj  together  with  the  number  of  lines  n in  each  line-strength  decade: 
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The  number  of  lines  n.  in  the  frequency  interval  is  given  by 


(191) 


Equation  (190)  represents  the  transmission  at  a frequency  v for  the  interval  as  affected  by 
nr  spectral  lines  whose  centers  are  within  the  interval  6 . The  integral  in  Eq.  (190)  repre- 
sents the  transmission  over  Ihe  finite  Interval  6r  of  a single  line  representative  of  the  aver- 
age strength  of  the  decade. 

The  transmission  at  a frequency  v is  also  influenced  by  the  wings  of  the  Bpectral  lines 
whose  centers  He  in  Intervals  outside  the  Interval  denoted  by  6^.  The  wing  transmission, 
Tj,  from  each  of  these  Intervals  6^  is  calculated  by  assuming  a random  distribution  of  the 
lines  within  the  interval  3^.  Thus,  by  the  random  hypothesis,  the  transmission  at  the  frequency 
v io  the  f.'-oduct  of  all  transmissions  calculated  for  the  lbres  with  centers  in  intervals,  outside 
6^,  taken  with  the  transmission  for  the  Interval  3^.  Therefore 

7W.nrlW  (192) 

1=1 

where  the  subscript  i Indicates  that  there  are  n^  lines  in  the  frequency  interval  6^.  The  trans- 
mission for  the  lines  whose  centers  are  in  the  interval  6^  are  given  by  Eq.  (190).  The  lines 
in  distant  Intervals  from  the  particular  frequency  v have  a negligible  effect  on  the  transmis- 
sion, so  that  in  practice  the  product  (Eq.  192)  usually  needs  to  be  evaluated  over  only  a few 
terms. 

It  is  clear  that  the  quasi -randor.  model  can  reproduce  the  actual  line  structure  fairly 
accurately  1/  the  chosen  Interval  6^  is  smaU  enough.  However,  the  smaller  the  interval  the 
greater  the  amount  of  computation  required.  The  tradeoff  between  the  two  has  not  been  dis- 
cussed by  the  authors,  but  such  an  investigation  would  indeed  be  of  interest  since  any  partic- 
ular application  has  a tolerable  error  which  might  be  used  to  establish  the  frequency  Interval 
and  hence  the  degree  of  computation. 


5.2.7  TEMPERATURE  AND  FREQUENCY  DEPENDENCE  OF  BAND-MODEL 
PARAMETERS 

A summary  of  the  band  models  that  yield  closed-form  expressions  for  spectra* -band  ab- 
sorption is  presented  in  Table  20.  All  of  these  expressions  are  functions  of  two  parameters, 

/3  and  which  are  functions  of  temperature,  pressure,  absorber  concentration,  and  frequency. 
Recall  that 

i 

i 

I 
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TABLE  20.  SUMMARY  OF  CLOSED- FORM  EXPRESSIONS 
FOR  SPECTRAL  ABSORPTION 


Band  Model 

1.  Single  Lorentz  Line 

2.  Single  lorentz  Line 

3.  Single  Lorentz  Line 

4.  Elsasser  Band 

5.  Elsasser  Band 

6.  Elsasser  Band 

7.  Statistical  Band  (Poisson) 

8.  Statistical  Band 

9.  Statistical  Band  (Poisson) 

10.  Statistical  Band 
(Poisson  and  eq"al) 

11.  Statistical  Band 
(equal) 

12.  Exponential  Tailed  S'1 
Statistical  Band 

13.  Random  Elsasser  Band 

* With  appropriate  subscripts:  £ 


Approximation 

Equation* 

None 

a=L  2**I>e-^I0W)  ♦Ij(W) 

Linear 

A = Sw/Av 

Square  Root 

A = 2 yScr^w/Av 

None 

A - sinh  (3  f I_(Y)  exp(-Y  cosh  0)dY 
J0  J 

Weak 

A. I-.** 

Strong 

A - erf  (ip2*) 1/2 

None 

A = 1 - exp  + 2i^0)l/,2j 

None 

A = 1 - exp  - 1^)  + IjWOjj 

Weak 

A . 1 - e*^ 

Strong 

A * 1 - exp  [-(^oM 

Strong 

A = 1 - exp  £-(2  ^V)1^2] 

Strong 

A = 1 - exp  [(1  + 2x^E)1/2-l]} 

Strong 

A - 1 - [l  - erf  (|/3  V/N2)  1/2]N 

“ 1 * = 2^  1 *0  = whcre  (sec  text> 


S ® line  strength 

= Lorentz-line  half-width 

d ■ (mean)  lint  spacing 
w * absorber  amount 

(For  ^e>  0E>  866  Section  5. 2.4.4.) 


— J 
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Including  the  dependence  of  line  half -width  on  pressure  and  temperature.  Also,  the  line 
strength  Is  a function  of  temperature  and  frequency  and  Is  given  In  Section  4 as: 


where  Sq  Is  the  line  strength  at  standard  temperature  md  E"  is  the  ground-level  energy  of  a 
given  spectral  line.  Because  E"  varies  from  line  to  line,  the  variation  of  line  strength  with 
temperature  Is  different  for  each  spectral  line.  As  the  temperature  decreases,  the  line 
strengths  near  the  center  of  the  band  increase  and  the  line  strengths  in  the  wings  of  the 
band  decreases;  the  area  under  the  curve  decreases  slightly.  If  two  homogeneous  paths  having 
different  temperature  were  compared,  the  integrated  absorption  for  the  low  >r  temperature 
path  would  be  less  than  the  integrated  absorption  for  the  higher  temperature  path.  Drayson 
(1964)  has  shown  that  for  two  identical  slant  paths  having  temperature  profiler  that  differ 
by  a constant  amount  of  10  K the  transmission  varies  as  much  as  10%  in  the  winj  of  the  band 
and  somewhat  less  nearer  the  center  of  the  band.  He  also  concluded  that  the  effec.  of  temper- 
ature on  line  half -width  has  a secondary  effect  on  transmission. 

Since  the  variation  of  line  strength  with  temperature  is  different  for  each  spectral  line, 
it  would  be  Impossible  to  Include  the  effect  of  temperature  on  line  strength  and  still  retain 
the  band-model  expressions  in  closed  form.  For  this  reason,  the  band-model  expressions  In 
their  present  form  can  be  used  only  to  predict  absorption  for  homogeneous  pat  is  that  are  at 
standard  temperature.  Further,  since  Drayson  (1064)  hut  shown  that  the  effect  \f  tempera- 
ture on  line  half -width  has  a secondary  effect  on  absorption,  this  dependence  is  neglected 
also.  Therefore,  If  we  let  T = Tq,  the  expressions  for  0 and  ^ become 


S0W  P0 


®BO£o  P 


where  o?£q  is  the  half -width  at  standard  temperature,  per  unit  pressure. 
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The  expressions  listed  in  Table  20  are  of  the  following  general  form: 

(1)  A = A(/3,  i^)  when  no  approximation  to  the  model  is  assumed 

o 

(2)  A = A(/3  for  the  trong-llne  approximation 

(3)  A = A (pip)  for  the  v.eak-line  approximation. 

Substituting  Eqs.  (193)  and  (194)  into  1,  2 and  3,  we  have  the  first  expression  as  a function  of 
two  frequency -dependent  parameters,  2’ia^g/d  and  S/2to^q,  and  two  path  parameters,  w and 
P,  The  second  expression  gives  absorption  as  a furction  of  one  frequency -dependent  param- 
eter, 2ffa^QS/d^  and  two  path  parameters,  w and  P.  The  last  Is  a function  of  S/'d  and  w,  being 
independent  of  pressure. 

The  next  problem  In  completely  specifying  the  absorption  expressions  is  that  of  evaluating 
the  frequency -dependent  parameters  by  empirically  fitting  the  respective  equations  to  labora- 
tory homogeneous  absorption  spectra.  The  empirical  procedure  Is  the  most  Involved  when  no 
approximations  to  the  model  are  assumed,  since  In  this  case  two  parameters  must  be  evalu- 
ated, rather  than  only  one  for  both  the  strong-  and  weak -line  approximations.  After  the 
frequency-dependent  parameters  have  been  specified  and  the  values  of  w and  P have  been 
determined  for  a given  slant  path,  it  becomes  a simple  matter  to  generate  absorption  spectra. 

5.2.8  DETERMINATION  OF  BAND-MODEL  PARAMETERS 

Band  models  are  used  to  avoid  the  explicit  use  of  line  parameters  In  the  calculation  of 
atmospheric  transmittance.  But  since  all  band  models  are  formulated  in  terms  of  certain 
parameters,  these  parameters  unst  be  obtained  by  eventually  using  the  real  line  character- 
istics of  the  absorbing  molecules,  either  by  the  use  of  the  results  of  ; Moratory  experiments, 
or  through  an  examination  of  a set  of  compiled  line  parameters. 

5.2. 8.1  Empirical 

In  the  purely  empirical  approach  to  the  determination  of  band  parameters,  one  does  not 
usually  have  access  to  the  two  Important  line  cliaracteristics,  C and  nr^,  to  be  used  In  band 
model  calculations.  Instead  we  must  obtain  Implicit  representations  of  them  graphically  In 
terms  of  experimentally  produced  data,  l.e.,  the  ibsorptance  over  a predetermined  spectral 
region,  AX  or  Ay;  the  absorber  amount;  anc  the  appropriate  thermodynamic  parameters.  An 
excellent  account  of  an  empirical  method  of  the  determination  of  band  parameters  Is  given  In 
the  original  state-of-the-art  report  by  Andlng  (1967),  derived  from  the  work  of  various  authors. 
Since  the  method  is  as  valid  now  as  It  was  then,  and  because  of  its  Importance  to  this  subject, 
the  steps  shown  by  Andlng  are  reproduced  here. 

The  theory  of  band  models  is  reasonably  well  defined  and  the  resulting  functions  should 
be  capable  of  specifying  spectral  absorption  to  a good  approximation  If,  first,  the  conditions 
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Inherent  In  the  band-model  development  are  satisfied,  and  second,  rigorous  empiric?'  pro- 
cedures are  applied  to  high-quality  laboratory  homogeneous-path  data  to  specify  the  absorp- 
tion constants. 

The  first  conditional  restrict' ons  are  satisfied  by  most  atmospheric  slant  paths  of  inter- 
est. Therefore,  it  seems  hopeful  that  usable  transmissivity  functions  could  be  developed  if 
the  second  procedural  restrictions  are  satisfied. 

Oppel  (see  Andlng,  1967)  has  postulated  and  employed  certain  rules  for  selecting  labora- 
tory data  and  performing  an  empirical  fit.  His  approach  is  sound  and  is  analogous  to  that 
suggested  by  Plass  [200] . Hence,  the  methods  of  Oppel  are  those  which  are  recommended 
for  the  determination  of  the  spectral  absorption  constants  and  are  stated  below. 

It  has  been  found  by  most  researchers  that  the  quality  and  the  reduction  of  the  laboratory 
data  have  constituted  the  most  critical  step  in  determining  the  absorption  constants.  In  order 
to  insure  satisfactory  results  from  an  empirical  fitting  procedure  the  following  rules  should 
be  observed. 

(1)  The  data  t.v>  J.d  be  consistent  from  one  run  to  another;  that  is,  all  runs  for  a particu- 
lar spectral  interval  : lould  have  the  same  resolution  and  spectral  calibration.  The  absolute 
spectral  calibration  is  not  nearly  as  important  as  the  relative  spectral  position  from  run  to 
run,  because  the  absorption  constants  can  be  determined  for  relative  frequency  units.  Also, 
the  spectrum  can  later  be  shifted  if  necessary. 

(2)  Only  data  with  absorption  between  5%  and  95%  should  be  used.  Usually  the  data  for 
very  high  or  very  low  absorption  values  are  questionable  because  of  the  uncertainty  of  the  0% 
and  100%  levels,  and  relatively  small  differences  may  have  an  inordinately  great  effect  on  the 
determination  of  the  unknown  parameters. 

(3)  It  is  desirable  to  have  spectra  obtained  over  a range  of  paths  and  pressures  which  is 
wide  enough  that  the  function  can  be  properly  fitted  to  the  data.  Ideally,  for  each  frequency, 
one  would  like  to  have  data  which  would  give  absorptions  between  5%  and  95%  and  which  in- 
clude the  following  conditions: 

(a)  Pressure  and  absorption  path  are  sufficiently  small  that  there  is  neglig- 
ible overlapping  of  the  spectral  lines. 

(b)  Pressure  is  high  ar.H  absorption  path  is  small  so  that  there  is  heavy  over- 
lapping of  the  spectral  lines. 


20C.  C.  N.  Plasa,  "Useful  Representation*  for  Measurement*  of  Spectral  Band  Ab»orptlon," 
J.  Opt.  Soc.  Am.,  Vol.  50,  1800,  pp.  568  - 875. 
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(c)  Pressure  Is  low  and  absorption  path  is  large  so  that  the  spectral  lines 

are  opaque  at  their  centers  and  the  transmission  is  achieved  only  in  the  wings  of 

the  lines. 

(4)  Measurements  for  which  pressure  self -broadening  is  predominant,  that  is,  where  the 
absorbing -gas  pressure  Is  an  appreciable  part  of  the  total  pressure,  should  be  discarded. 

This  is  necessary  since  self -broadened  spectral  lines  need  not  be  evaluated  under  real  atmo- 
spheric conditions. 

(5)  In  general,  better  results  are  obtained  If  spectral  frequencies  are  selected  at  which 
absorption  achieves  a local  maximum,  minimum,  or  inflection  point.  Thus,  the  absorption 
constants  should  not  necessarily  be  selected  at  uniform  intervals  but  for  spectral  positions 
that  a’-e  more  easily  measured.  It  has  been  frequently  observed  that  published  spectra  are 
hand-plotted  and  that  their  author  will  tend  to  be  more  exact  on  the  maxima  minima,  and  In- 
flection points  than  he  will  be  on  any  other  part  of  the  curve. 

Atmospheric  paths  that  are  of  greatest  Interest  to  the  infrared  researcher  are  long  paths 
through  an  atmosphere  of  relatively  low  pressure.  Such  paths  give  rise  to  large  values  of  w 
and  small  values  of  equivalent  pressure  P.  The  dominant  spectral  lines,  those  which  account 
for  95%  of  the  absorption,  are  opaque  at  their  centers  but  do  not  display  a significant  amount 
of  overlapping.  Therefore,  for  such  paths  p Is  small  {p  < 1)  and  ^ is  large  » 1),  and  the 
strong-line  conditions  are  valid.  It  is  noted  that  strong-line  absorption  must  be  present  for 
an  atmc  spheric  path  to  be  reduced  to  an  equivalent  homogeneous  path.  For  these  reasons 
most  a earchers  assume  that  absorption  is  represented  by  the  strong -lino  approximation, 

A = A (p\.‘.  •>.'»  * ulrically  fit  this  function  to  laboratory  data.  If  the  data  used  do  not  satisfy 
strong-line  absorpw^  auditions  when  such  a procedure  is  used,  erroneous  constants  will  be 
determined. 

After  selecting  the  laboratory  homogeneous -path  spectra  according  to  the  above  rules, 
and  the  appropriate  model  for  representing  absorption  for  a given  absorption  band,  one  has 
the  proper  foundation  for  performing  an  empirical  fit  which  will  yield  a valid  closed-form 
exprcco.i.^  ior  i».euu.tlng  absorption  for  other  homogeneous  paths. 

Basically,  the  absorption  coefficients  are  determined  by  minimizing  the  sums  of  the 
squares  of  tlte  errors  between  measured  and  calculated  values  of  absorption.  Before  the  least- 
squares  Iteration  can  begin,  an  initial  estimate  of  the  two  parameters  2ncP^/d  and 
S/Zffor^Q  must  be  made.  The  method  of  determination  and  the  accuracy  of  these  initial  param- 
eters does  not  affect  the  final  accuracy  except  that  poorly  chosen  estimates  will  considerably 
increase  the  iteration  time.  The  method  suggested  is  based  on  the  fact  that  the  three  approx- 
imations to  the  Elsasser  integral  described  in  Section  5.2.3  always  show  greater  absorption 
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than  that  given  by  the  complete  Elsasser  integral  and  approach  the  complete  expression  in  a 
limit.  This  method  can  be  described  as  follows: 

(1)  Thr  ee  master  graphs  are  drawn  on  log-leg  paper.  The  first  graph  (Figure  36),  is  a 
plot  of  Deers'  law,  given  by 

A = 1 - e.’:p  (-0M;  W = 

The  second  master  graph  (Figure  37)  gives  the  strong-line  approximation  to  the  Elsasser 
integral: 


A = erf 


I'*  ‘ J d“ 


where  a°Q  = tty/Pg,  and  PQ  is  standard  sea-level  pressure.  The  third  master  graph  (Fig- 
ure 38)  gives  the  nonoverlapping-li.ne  approximation: 

A = /PJflgtv')  + 1^)]  exp  (-^) 

P d ’ 2™°L0P 

(2)  Three  working  graphs  are  plotted  for  each  spectral  frequency  for  which  absorption 
constants  are  to  be  determined. 

(a)  In  the  first  working  graoh  (Figure  30)  fractional  absorption  A is  plotted  as 
a function  of  the  absorption  path  w (atm  cm). 

(b)  The  second  graph  (Figure  40)  gives  fractional  absorption  versus  absorption 
path  times  effective  broadening  preovure  wP  (atm  cm  x mm  Hg).  Note:  P = P + 

(B  - l)p,  where  is  the  total  pressure  of  the  gas  mixture  and  p is  the  partial 
pressure  of  the  absorbing  gas. 

(c)  The  third  working  graph  (Figure  41)  Is  a plot  of  the  ratio  of  fractional  ab- 
sorption to  effective  broadening  pressure,  A/Pg  (mm  Kg"1)  versus  absorption  path/ 
effective  broadening  pressure  w/Pg  (atm  cm/mm  ITg). 

(3)  The  site  graphs  are  now  paired  off  in  the  following  order:  Figure  36  is  superposed 
over  Figure  S3,  Figure  37  over  Figure  40,  and  Figure  38  over  Figure  41.  With  a good  spread 
of  data,  it  now  becomes  apparent  that  the  several  approximations  are  limiting  functions  and 
all  points  on  the  graphs  will  fall  below  the  limit,  ng  curve.  Figure  36  is  adjusted  In  the  w di- 
rection, until  all  plotted  points  of  Figure  33  fall  Lelor/  nr  d to  the  right  of  the  curve  down  on 
Figure  3j.  Ti.ua,  the  curve  of  Figure  33  forms  the  limiting  continuum  for  the  points  of  Fig- 
ure 33.  The  relative  positions  yield  the  approximate  value 

(3/d)  = OnVw)  1G3 
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FIGURE  36.  WEAK-LINE  APPROXIMATION  TO 
THE  ELSASSER  MODEL.  A = 1 - exp  (-pip)-, 

(3  \p  = Sw/d. 


FIGURE  37.  STRONG- LINE  APPROXIMATION 
TO  THE  ELSASSER  MODEL.  A » erf  [{ 1/Zfity)1'2]’, 
fP*  * (2»o^0S/d2)wP. 


FIGURE  S3.  NONOVERLAPPING-LINE  APPROX' 
IMATION  TO  THE  ELSASSER  MODEL.  A/fS  = 

WklW)  + IiWJexp-^;  ip  = (s/2itg£0)(w/P). 
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FIGURE  39.  WORKING  GRAPH  FOR  ESTIMATING 
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FIGURE  40.  WORKING  GRAPh  FOR  ESTIMATING 
2,aL0S/d2‘  For  these  data  2aa°0S/d2  a 4.5. 

If ■ r-T-...., 


10”  10”  io~‘  io" 

w/P  (atm  cm/mm  Hg) 

© 

FIGURE  41.  WORKING  GRAPH  IO R ESTIMATING 
2jaLl/d  10x1  s/2*-’£(r  for  these  data  2*a£Q/d  a 
0 J mxJ  S/27-°  e 500. 


t 


2?n 


FORMERLY  WILLOW  RUN  LABORATORIES.  THE  UNIVERSITY  OF  M1CHKJ4 


Similarly,  Figure  37  is  superposed  over  Figure  40  and  adjusted  along  the  axis  until  the 
limiting  continuum  is  found,  yielding  the  approximate  value 


The  third  pair  (Figs.  38  and  41)  can  be  adjusted  in  both  directions  to  give  approximation! 
to  two  parameters: 


The  three  plots  Indicated  above  are  not  all  necessary  if  sufficient  data  are  available, 
since  only  two  constants,  a^/d  and  S/d  (Note:  S/c£q  = (S/d)/(o£g/d)),  are  necessary  to 
evaluate  the  Elsasser  integral;  however,  experience  has  shown  that  sufficient  spread  of  data 
is  usually  not  available  to  adequately  construct  all  of  the  graphs.  For  this  reason,  the  best 
graphs  should  be  chosen.  In  the  event  that  the  nonoverlapping  approximation  gives  a good 
continuum,  then  it  may  be  used  alone  for  both  approximations  to  the  unknown  parameters. 

At  this  point  it  is  assumed  that  the  initial  estimates  of  the  parameters  have  been  made 
and  the  laboratory  data  have  been  properly  chosen.  Beginning  with  the  first  estimates,  the 
absorption  is  calculated  for  each  value  of  absorber  concentration  and  each  value  of  equivalent 
pressure  and  compared  with  the  measured  value.  The  parameters  are  adjusted  until  the 
sums  of  the  squared  residuals  between  computed  and  measured  absorption  values  are 
minimized.  < 

A computer  program  has  been  written  by  Baumeister  and  Marquardi  and  distributed  as 
a SHARE  program  [201] . This  program,  when  coupled  with  the  Elsasser -model  algorithm, 
will  optimize  the  parameters  for  the  Elsasser  function. 

1 

The  procedure  described  above  is  that  which  can  be  used  when  fitting  the  complete  i 
l Elsasser  integral  to  laboratory  data.  It  is  emphasized  that  if  the  strong-line  or  weak-line  I 

approximation  to  the  Elsasser  model  is  used  to  represent  atmospheric  absorption,  then  the  ; 
| laboratory  data  must  be  such  that  these  conditions  are  satisfied.  This  can  be  determined  by  \ 

j using  the  initial  estimates  of  2sa^/d  md  S/2~a ^ and  the  values  of  w and  P to  calculate  0 > 

■ and  4/.  These  results  can  then  bo  compared  with  the  values  in  Table  20.  j 

S91.  Banmeister  and  S&mjoardt,  Leard -Carres  EatSsnatlon  cl  Non-Linear  Parameters,  j 

BEARS  Pro(  -sun  No.  1423,  FORTRAN  Prcsram,  IBM. 
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A completely  analogous  procedure  can  be  used  when  fitting  the  Goody  model  to  a set 
of  laboratory  data.  That  is,  all  three  equations  should  be  fitted  to  the  data  to  (Attain  a set  of 
frequency -dependent  parameters.  Parameters  obtained  in  this  manner  will  give  valid  results 
whether  the  absorption  is  strong,  weak,  or  of  some  Intermediate  value. 

Empirically  fitting  a band-model  exprersion  to  homogeneous  data  generates  coefficients 
that  represent  the  best  value  for  all  available  data.  The  absorption  constants  then  do  not  ac  - 
tually  represent  the  strengths,  widths,  and  spacings  of  the  spectral  lines  but  can  be  inter- 
preted as  a set  of  lines  giving  equivalent  absorption.  It  c»  j be  expected  that  calculations 
should  be  satisfactory  for  conditions  bounded  by  the  laboratory  data.  However,  for  extreme 
cases  the  results  may  be  rather  poor.  It  is  difficult  to  theoretically  analyze  the  accuracy 
with  which  a band  model  can  be  used  to  predict  absorption,  so  the  approach  to  be  used  here 
is  simply  to  compare  the  results  with  field  measurements. 

It  is  important  to  emphasize  here  that  the  results  of  empirical  fitting  are  only  good  for 
the  temperature  at  which  the  data  were  taken.  Problems  arise,  for  example,  when  one  attempts 
to  apply  room -temperature  data  to  the  cold  atmosphere  without  making  appropriate  corrections. 


5. 8.2.2  Use  of  Line  Data 

Since  the  line  parameter  data  (see  Section  4)  are  now  available,  it  is  useful  to  take  the 
approach  suggested  by  Goody  (1964,  Section  4)  and  sum  the  lines  in  the  spectral  region  of 
interest  in  the  following  special  procedure.  Goody  shows  that  with  the  incorporation  of  line 
parameter  data,  the  band-model  parameters  i/s  and  0 can  be  obtained  for  different  models 
using  Lorcntz  lines.  For  the  statistical  model  with  an  exponential  distribution  of  line  strengths, 
the  following  equations  hold: 


(195) 


(196) 


Jm 
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where  the  spectral  region  of  coverage  Ay,  containing  N lines  with  strengths  and  half- 
widths . These  line  strengths  and  half-widths  can  be  obtained,  for  example,  from  the 
AFCRL  compilation  of  line  parameters  [McClatchey  et  al.,  1972).  See  Section  4. 

If  the  distribution  of  strengths  falls  off  less  rapidly  than  exponentially,  but  instead,  in 
versely  as  S,  then  according  to  Goody  the  equations  take  the  form: 


(197) 


(198) 


Goldman  and  Kyle  [202]  have  calculated  band  model  parameters  for  calculating  transmit- 
tance in  the  9.6  pm  ozone  band  and  the  2.7  pm  water  vapor  band  using  an  exponential  tailed 
S_1  line  strength  distribution  in  the  statistical  model  in  the  form:* 

"4,  ■ «**  - * J'(l)']1/2  - *})•  <1S9> 

W = |r  = exp  - (^P^ir-ftl  + 2irV/]  - l}) 
e 

L is  the  path  length  in  cm 
p is  the  partial  pressure  of  the  absorber 

P is  the  equivalent  total  pressure  given  by  P = P + (B  - l)p  where  P is  the  total  pressure  of 
the  gas  mixture  and  B is  a self -broadening  coefficient  for  the  absorber. 

For  this  model  Goldman  and  Kyle  calculate  the  band  model  parameters  for  the  exponential 
tailed  S 1 statistical  model  from: 

*Note  that  this  corresponds  to  r = exp  {-0k/»t[(1  + ~ 1]}  as  formulated  by 

Malkmus  (1963).  See  Expression  12  In  Table  2u. 


202.  A.  Goldman  and  T.  G.  Kyle,  "A  Comparison  Between  Statistical  Modal  and  Line -by  - 
Lina  Calculation  with  Application  to  the  9. 64  Ozone  and  the  2.7ji  Water  Vapor  Bands," 
Ajr?I.  Opt.,  Vol.  7,  No.  6,  1S38,  pp.  1117-1177. 
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Following  from  this,  the  average  value  of  S/d  (the  average  absorption  coefficient)  in  Ay  is: 


1=1 


No  other  formulations  of  this  type  have  been  found  in  the  literature,  although  it  would  be 
straightforward  to  apply  the  Goody  technique  to  other  models,  as  long  as  the  weak-  and 
strong-line  approximations  can  be  determined.  The  expressions  related  to  the  Elsasser 
model  are  trivial,  inasmuch  as  the  lines  are  regular  and  of  constant  strength. 

5.2.9  THE  CURTIS -GODSON  APPROXIMATION 

In  all  band-model  calculations,  the  transmittance  is  calculated  for  a path  containing  a 
fixed  concentration  of  absorber  at  a fL.ed  temperature  and  pressure,  so  that  the  path  is  homo- 
geneous. These  values  are  usua’ly  standardized  to  sea -level  conditions  under  standard  tem- 
perature and  pressure.  Glncv  the  dependence  of  the  Imhu  «uuciei*s  and  absorDer  concenira- 
f tions  are  known  (or  can  be  obtained),  the  adjustment  of  conditions  to  meet  standard  criteria 

can  be  made,  so  that  calculations  of  transmittance  can  be  made  for  any  altitude  in  the  atmo- 
sphere as  long  as  the  path  remains  homogeneous.  When  the  path  traverses  the  vertical,  the 
atmospheric  parameters  change  with  altitude,  causing  line -parameter  changes,  and  thus  cre- 
ating problems  which  usually  must  be  attacked  by  the  use  of  approximate  methods  of  calcula- 
tion. In  this  case,  to  keep  calculations  within  reasonable  limits,  it  is  necessary  to  attempt  to 
find  equivalent,  or  effective,  values  for  the  atmospheric  parameters  which  affect  the  passage 
of  radiation  under  these  pseudo -homogeneous  conditions  in  the  same  way  as  if  it  were  tra- 
‘ versing  a real,  slant  path.  The  method  used  to  find  these  effective  parameters  is  called  the 

Curtis -Godson  (CG)  approximation. 


i 
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5.2.9. 1 Calculation  of  the  Two-Parameter  Approximation 

Goody  (1964)  calls  this  the  two -parameter  approximation  in  contrast  with  the  one- 

2 

parameter  or  scaling  approximation  in  which  only  w,  the  amount  of  absorber,  in  gia/cm  (or 
equivalent),  is  scaled  in  the  form: 


(203) 


S(T)P 

where  n,  T,  and  P are  assigned  fixed  standard  (average)  values,  and  w,  the  effective  absorber 
amount,  is  the  sole  adjusted  parameter. 

The  two-parameter  approximation  requires  that  there  be  two  conditions  aider  which  the 
transmittance  may  be  calculated,  these  being  the  string-line  and  weak -line  lim’Ls  of  the  band- 
model  calculations.  The  calculation  of  the  average  transmittance  over  An  is: 


T = 


^ j d»  exp 


®L®1 


{(w-wi)2*4j 


(204) 


The  summation  is  taken  over  all  lines  in  the  interval.  An.  In  the  strong -line  limit  ut  in  the 

denominator  may  actually  be  neglected  since,  for  this  case,  the  absorption  all  takeB  place  in 
the  wings  of  the  lines  for  which  v - Vj  » oy  Instead,  however,  the  (more  accurate)  approach 
is  taken  in  which  is  substituted  for  in  the  denominator,  the  value  o^  being  an  effective 

width  (see  Eq.  (210)),  so  that 


T3 


•'  WU4<  V 


(205) 


The  weak -line  approximation  to  r truncates  the  infinite  series  representation  of  the  exponen- 
tial so  that: 


s ~~  I diil  -Id w/  - 

vL  \ J V’ 


{(.-r/.af 


(205) 


which,  because  An  » is  approximated  by: 

f n1* 


TS  1 - 


i v r v*"  , f v'\ 

j Z—i]j --if  J V«. 


(207) 


This  straightforward  treatment  is  taken  directly  from  the  book  by  Goody  in  which  he  next  equates 
Eq.  (207)  to  the  weak -line  approximation  of  Eq.  (204),  given  by: 
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(208) 


(209) 


(210) 


where  P is  the  Curtis-Godson  (CG)  equivalent  pressure.  This  pressure  along  with  a scaled 
strength  Sj  and  scaled  absorber  amount  w can  then  be  used  in  a homogeneous -path  calculation 
of  r to  give: 


from  which,  by  comparison  with  Eq.  (205),  Goody  shoe's  that  the  scaled  absorber  amount  is 
determined  by: 


(212) 


where  Sj  Is  evaluated  at  some  verage  temperature,  T . 

Goody  argues  that,  although  the  derivation  was  made  using  a Loreniz  shape,  the  approxi- 
mation is  good  for  a variety  of  shapes,  and  furthermore,  for  any  model,  regular  or  random. 

A comparison  of  the  approximate  optical  depth  for  an  atmospheric  layer  in  which  the  pressure 
varies  from  P to  3P,  with  that  from  an  exact  calculation  is  given  in  Figure  42. 
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5. 2. 9. 2 Critique  of  the  CG  Approximation 

Other  approximations  have  been  presented  for  speclllc  Investigations,  e.g.,  Yamamoto 
and  Alda  [203],  Yamamoto,  et  al.  [204],  Elllngson  (1972)  (see  Section  7.1,  this  report),  Rodgers 
and  Walshaw  (1966),  and  others.  It  is  beyond  the  scope  o!  this  rep’  rt  to  pursue  any  further 
detail  In  the  nature  of  these  calculations.  The  reader  Is  referred  to  the  original  documenta- 
tion on  these  studies  as  well  as  to  the  original  work  of  the  authors  of  the  CG  approximation 
[205], [206]. 

Several  critiques  of  the  methods  of  approximation,  In  addition  to  that  by  Goody  (1964), 
have  been  reported,  amon;.'  which  are  Ludwig,  ct  al.  [207] , Xyle  (1968a),  Drayson  (1967), 

Kaplan  [208],  Welnreb  and  Neuendorffer  [209] , and  Goody  [210],  who  cites  the  original  approx- 
imations of  Van  de  Hulst  [211]  which  predates  the  work  of  Curtis  and  Godson. 

A particularly  interesting  and  pertinent  discussion  of  the  CG  approximation  is  to  be  found 
In  a paper  by  Armstrong  [212] , In  which  he  expands  the  expression  for  the  optical  depth 
around  a point  In  the  region  between  two  pre  mre  levels,  Pj  and  am*  between  which  the 
transmittance  is  to  be  calculated.  We  note  that  if  the  hydrostatic  approximation  can  be  as- 
sumed In  the  region  of  the  calculation,  then: 

-gpalrda  = dP  (213) 


203.  G.  Yamamoto  and  M.  Alda,  "Transmission  In  a Non-Homogeneous  Atmosphere  with  an 
Absorbing  Gas  of  Constant  Mixing  Ritlo,"  J.  Qunt.  Spec.  Rad.  Trans.,  Vol.  10,  1970, 
pp.  593-608. 

204.  G.  Yamamoto,  et  al.,  ’Improved  Curtls-Godson  Approximation  In  a Non-Homogeneous 
Atmosphere,"  J.  Atmos.  Set.,  Voi.  29,  1972,  pp.  1150-1155. 

205.  A.  R.  Curtis,  "Discussion  of  Goody's  'A  Statistical  Model  for  Water-Vapour  Absorption'," 
Ouart.  J.  Roy.  Met.  Soc.,  Vol.  58,  1952,  p.  638. 

206.  W.  L.  Godson,  '^Spectral  Models  and  the  Properties  of  Transmission  Functions, ” Proc. 
Toronto  Meteor.  Conf.,  1953,  pp.  35-47. 

207.  C.  B.  Ludwig,  W.  Malkmus,  J.  E.  Rrardon  and  J.  A.  L.  Thom.ion,  Handbook  of  Infrared 
Radiation  from  Combustion  Gases,  NASA  Report  No.  SP-SOGO,  Marshall  Space  Flight 
Center,  1973. 

208.  L.  D.  Kapl  in,  "A  Method  for  Calculation  of  Infrared  Flux  for  Uae  In  Numerical  Models 
of  Atmospheric  Motion,"  The  Atmosphere  and  the  Sea  In  Motion,  The  Rockefeller 
Institute  Preas,  N.  Y.,  1959,  pp.  170-177. 

209.  M.  P.  Welnreb  and  A.  C.  Neuendorffer,  "Method  to  Apply  Homogeneous-Path  Trans- 
mittance Models  to  Inhomogeneous  Atmospheres,”  J.  Atmos.  Set.,  Vol.  30,  1973, 

pp.  662-666. 

210.  R,  M.  Goody,  "The  Transmission  of  Radiation  Through  an  Inhomogeneous  Atmosphere," 

J.  Atmos.  Scl.,  Vol.  21,  No.  6,  1964(b),  pp.  575-581. 

211.  H.  C.  Van  de  Hulst,  "Theory  of  Absorption  Linen  In  the  Atmosphere  of  the  Earth," 

Annalcs  d'Astrophys.,  Vol.  8,  1945,  pp.  21-34. 

212.  B.  H.  Armstrong,  "Analysis  of  the  Curtls-Godson  Approximation  and  Radiation  Trans- 
mission Through  Inhomogeneous  Atmospheres,"  J.  MmOt..  Scl.,  Vol.  25,  1968, 

pp.  312-322. 
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wlwre  g Is  the  acceleraf  on  c*  gravity,  palr  Is  the  air  density,  and  P Is  the  total  pressure  of 
the  atmosphere  at  z.  Since  ' - Incremental  path,  ds,  which  a beam  traverses  can  be  written 
as  d 7/p  (where  p = cos  8),  'be  optical  depth  in  terms  of  the  mass  absorption  coefficient 
k(v,  s)  is  (between  points  Sj  Sg). 

<l(v)  = fk(v,  s)dw  = f e)p ds  = - [ ^(v,  z)-®-  paJr  dz 
J Jr.  **  Jt.  "al  r 


= pj  ^v'  *)M(z)Pair  dz 


where  p = gas  density  and  M(z)  = mixing  ratio  and  using  £q.  (213), 

r 

jp. 


■q(*>  = ^7  fp2k(v,  P)M(P)dP 


Writing  k(v,  P)M(P)  = S(P)b(i»,  P),  where  b is  a line  shape  factor,  we  have: 
•Pr 
'P. 


-q(v)  = P)S(P)  dP 

KMJp^ 


(214) 


(215) 


Expanding  b( v,  P)  in  a Taylor  series  around  a pressure  P’,  between  Pj  and  P2>  there  resulti 
from  Eq.  (215): 


-q(v)  = — 

eu 


b(v,  P’)J  ^(PjdP+^-j  J 2(P  - P')S(P)dP 
P1  P’  P1 

gr^l  J^P  - P')%(P)dP  + 


dPlp/Pj 


(216) 


Considering  the  2nd  and  higher  derivatives  as  small  with  respect  to  the  first  terms,  the 
value  of  P'  to  be  used  in  the  first  term  as  the  equivalent  homogeneous -path  pressure  is  deter 
mined  by  choosing  P'  so  that  the  second  term  is  zero.  This  leads  to: 


P'  = 


f ^(PjPdP 

\ 

f 2S(P)dP 


(217) 
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which,  one  should  note,  is  equivalent  to  Eq.  (209)  for  a single  line,  the  CG  pressure.  The 
form  of  Eq.  (216)  leads  one  to  speculate  what  corrections  one  can  make  to  the  CG  approxima- 
tion by  not  ignoring  the  higher  order  terms.  The  approach  Is  taken  by  Armstrong  in  a rather 
complete  assessment  of  this  and  other  approximations,  including  integration  by  Gaussian 
quadrature.  The  reader  is  referred  to  the  paper  by  Armstrong  (1968)  for  a complete  discus- 
sion of  this  subject. 

Except  for  directly  integrating  Eq.  (214)  through  the  path,  which  is  usually  not  done  be- 
cause of  the  complexity  of  the  computation,  the  CG  approximation,  or  adaptations  of  it,  is 
essentially  the  chief  one  used  in  the  models  which  have  had  greatest  exposure  to  the  user. 

As  stated  above,  there  have  been  many  examinations  of  the  confidence  with  which  one  may 
use  the  CG  approximation  (see,  for  example,  Fig.  42).  Armstrong  has  plotted  the  percent 
difference  between  the  exact  calculation  and  the  CG  approximation  evident  in  the  curves  of 
Figure  42.  This  result  is  reproduced  in  Figure  43,  along  with  the  corrected  CG  approxima- 
tion obtained  by  taking  into  consideration  a correction  term  in  the  Taylor  expansion  of  the 
absorptance.  Included  also  is  the  result  obtained  by  applying  Gaussian  quadrature  to  the  in- 
tegral representing  the  optical  depth. 

5.2.9. 3 Summary 

The  Curtis -Godson  (CG)  approximation  seems  to  have  withstood  the  test  of  hundreds  of 
applications,  which  has  made  it  the  basis  of  nearly  all  calculations  of  atmospheric  transmit- 
tance in  slant  paths.  It  is  obviously  not  exact,  and  the  accuracy  of  any  results  obtained  by 
using  it  are  open  to  question  depending  on  the  degree  of  derivation  from  the  conditions  upon 
which  it  was  derived.  The  strong-line  and  weak -line  conditions  were  Invoked  in  its  deriva- 
tion, so  that  under  intermediate  conditions,  the  results  should  be  expected  to  deviate  from 
those  obtained  from  an  exact  calculation. 

Similarly,  in  the  Taylor  series  approximation,  the  CG  approximation  resulted  from  a 
neglect  of  higher  order  terms,  which  should  be  consistent  with  an  adherence  to  the  weak-  and 
strong-line  criteria.  Even  with  its  shortcomings,  however,  the  use  of  the  CG  approximation, 
or  any  counterpart  to  it,  is  essential  for  the  calculation  of  transmittance  in  the  atmosphere 
when  band  models  are  used. 
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(X  - XQ) 


FIGURE  43.  THE  ERROR,  6X  = tx  (EXACT)  - r (APPROX- 
IMATE), IN  THE  OPTICAL  DEPTH  FOR  A LORENTZ  LINE 
FOR  SEVERAL  APPROXIMATIONS  TO  THE  PRESSURE  INTE- 
GRAL, AS  A FUNCTION  OF  THE  REDUCED  FREQUENCY 
x - Xq  RELATIVE  TO  THE  LINE  CENTER.  The  base  pressure 
Pi  of  the  atmospheric  slab  has  the  value  3.0,  and  the  pressure 
P2  at  the  top  equals  1.0  (after  Goody,  1964  [28] , Fig.  G.!). 
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DETAILS  OF  THE  LINE-BY-LINE  METHOD  OF  CALCULATION 

6.1  JUSTIFICATION  OF  THE  METHOD  - BAND  l ">DEL  LIMITATIONS 

In  setting  the  stage  for  the  calculations  that  he  reported  for  his  doctoral  dissertation, 
Drayson  (1967),  while  asserting  the  importance  of  band  models  for  certain  atmospheric  trans- 
mittance calculations,  observed  that  they  have  limitations  which  need  not  necessarily  be 
accepted  today  in  view  of  the  relative  practicability  of  the  method  of  direct  integration.  His 
list  of  limitations  on  band  models  include  the  following: 

"(i)  The  spectral  resolution  of  the  transmittances  is  finite:  for  the  Elsasser  model  it  is 
a multiple  of  the  line  spacing?,  while  the  statistical  model  must  use  an  averaging  interval 
sufficiently  large  to  ensure  that  the  true  distribution  of  the  lines  is  adequately  simulated  by  the 
statistical  distribution.  The  finite  resolution  introduces  further  complications  for  atmospheric 
slant  paths. 

"(ii)  Many  band  models  do  not  allow  for  accurate  contributions  of  the  wings  of  lines  lying 
outside  the  spectral  region  under  consideration. 

"(iii)  The  actual  distribution  of  lines  can  only  be  approximated  by  the  band  models.  In 
come  regions,  e.g.,  near  Q-branches,  it  is  extremely  difficult,  if  not  impossible,  to  accurately 
account  for  the  complex  distribution  at  lines.  The  development  of  the  Quasi-Statistical  or 
Quasi-Random  model  by  Kaplan  [213|and  Wyatt,  et  al.  (1962)  has  done  much  to  overcome  these 
objections  The  resolution  of  the  transmittances  (for  the  quasi-random  model)  can  be  made 
arbitrarily  small,  the  wings  are  accurately  allowed  for  and  the  actum  distribution  cf  lines  can 
be  approached  for  sufficiently  small  averaging  interval.  It  shares  one  <roblem  with  the  other 
models: 

"(iv)  When  the  models  permit  accurate  calculation  of  the  absorption  due  to  a real  absorp- 
tion band,  the  complexity  and  length  of  calculation  is  considerable,  even  for  the  Lorentz  line 
shape.  For  other  line  shapes  including  the  mixed  Doppler-Lorentz  line  shape,  the  complexities 
are  even  greater." 

According  to  Drayson,  the  method  of  integrating  directly  over  the  actual  lines  in  a band 
was  first  used  for  part  of  the  9.6  pm  ozone  band  by  Hitchfield  and  Houghton  [214],  and  later  by 
other  investigators.  He  (Drayson)  cites  the  advantages  as  follows: 


213.  L.  D.  Kaplan,  "A  Quasl-Gtatlotical  Approach  to  the  Calculation  of  Atmospheric  Trans- 
mission,'' Proc.  Toronto  Meteor.  Conf.,  1053(b),  pp.  43-48. 

214.  \V.  Hltschfleld  and  J.  T.  Houghton,  "Radiation-Transfer  In  the  Lower  Stratosphere  Due 
to  the  9.8  Micron  Band  of  Oonc,"  Quart.  J.  Roy.  Meteor.  Soc.,  Vol.  87,  1051,  pp.  562- 
577. 
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"(i)  The  resolution  is  not  limited;  the  transmissivities  may  be  weighted  by  an  instru- 
mental response  function  and  compared  with  high  resolution  experimental  spectra. 

"(ii)  There  is  considerably  more  flexibility  in  the  calculations,  especially  when  extended 
to  non-homogeneous  paths. 

"(iii)  The  actual  distribution  of  line  positions  and  intensities  is  used  and  all  contributions 
from  the  wings  of  distant  lines  are  accurately  included." 

Drayson  does  not  point  out,  however,  that  when  the  size  cf  the  band  is  large,  the  cost  of  per- 
forming a direct  integration  is  considerably  larger  than  cat .;»£  don  by  band  models,  a factor 
which  usually  enters  into  any  decision  regc- *•-  ; ' ■ ■»  take  in  calculation.  In  addition, 

relevant  and  reliable  line  parameter'  • metimes  unavailable. 


6.2  DRAYSON’S  METHOD 

6.2.1  PRELIMINARY  SETUP 

Drayson's  model  was  designed  expressly  to  calculate  long-wave  radiative  transfer  in  a 
plane  parallel  atmosphere.  His  ultimate  purpose  was  to  calculate  cooling  rati'?  'o  given 
atmospheres,  so  it  was  necessary  to  take  the  radiative  transfer  equation  (see  C *.i!on  2) 
beyond  the  stage  for  calculating  simply  path  (or  sky)  radiance,  and  integrate  the  fl •«  across 
horizontal  surfaces.  He  considered  only  molecular  absorption  and  obtained  for  the  radiant 
exitance,  M,  the  value  (assuming  no  azimuthal  variation): 


M(P)  = 2it  j J L(v,  q,  p)fidpdi/ 


v p=-l 


Mv,  q,  p)  = L*  (v,  Tg)e  e * j J(v,  q)e'^t_q^,i  * for  (p  > 0) 


M 

L(y»  q,  **)  = Jj(v,  t)e  ^ for  (p  < 0) 


where  P is  the  pressure  at  some  horizontal  surface,  the  subscript,  g,  denotes  ground  level,  and 
the  other  terms  are  as  defined  in  Section  2.  j 

The  loss  of  flux  per  unit  area  over  a layer  is  then  determined  by  taking  the  difference  be-  ! 
tween  M(P)  at  the  top  and  bottom  of  the  layer,  where,  by  substitution: 
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M(P)  = Tg)e  ^ ^ + Jgj(t,,  t)pe'(t'q)/‘u| 


d n 


\J 

L 


d /A  dv 


(221) 


Tr  Arder  to  set  up  equation  (2?1>  .e  closed -form  integration,  Drayson  specified  each  of  the 
p -depends..*  .*•  ' «r^8  lerms  of  the  exponential  integral  which  has  the  form  [215 J: 


1 

E (x)  = 

«*  J M 

0 


n - 0,  1,  2,  . . . 

x a 0 


(222) 


and  then  devised  a means  of  expanding  the  En  in  a series  of  polynomial  approximations  [216 j. 
Comparison  of  Eq.  (222)  with  (221)  yields  the  expression  for  M(P)  in  terms  of  the  exponential 
integral.  Then,  applying  the  expression, 


JE„w 

dx 


-En-1<*> 


after  integrating  by  parts  the  resultant  of  the  combination  of  Eqs.(221)  and  (222),  Drayson 
obtains: 


M(P)  = 2tt 


j|[L*(V’  V * J(l/’  V]Vqg  ‘ q)  + E3(q)J^»  c>  + |*ff  E3(|t  - q|)dtjdp  (223) 


Using  otlier  recurrence  relations  (see  Abramowitz  and  Stegun,  1964)  on  the  derivative  of  M,  one 
gets  for  the  divergence  of  flux  at  a given  layer,  for  which  P is  the  pressure: 


dM 


dP  = 2ffdpfV< 


f 


2(t-q)f  dt 


-|E2(q 


t)fdt- 


EgfqWi', 


*di/ 


(224) 


Drayson  used  the  polynomial  approximation  to  the  exponential  integral  for  the  zenith 
angle  integration  to  avoid  as  many  approximations  as  possible,  and,  incidentally,  to  enjoy  a 


215.  M.  Abramowitz  and  I.  A.  Stegun,  Handbook  of  Mathematical  Functions,  National  Bureau 
of  Standards,  Applied  Math.  Series  No.  55,  Washington,  D.  C.,  1864. 

218.  S.  R.  Drayson,  "Polynomial  Approximations  of  Exponential  Integrals,"  J.  Quant.  Spect. 
Rad.  Trans.,  Vol.  8,  1968,  pp.  1733-1738. 
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saving  in  computer  time  (average  about  0.24  ms  on  the  IBM  7090)  over  the  computer  system 
subroutine  for  the  exponential  function.  The  polynomial  approximation  is  given  by  (for  q ■ X): 


for  the  interval  q1  to  q2,  where  the  q‘s  are  the  optical  depths.  Tables  of  polynomial  coefficients 
for  EgW  Eg(X)and  E^(X)  for  giver.  intervalsXj.Xgare  leproduced  respectively  inTables  21, 22 
and  23  from  Drayson  (1968).  Armstrong  [217]acknowledges  that  Drayson's  method  provides  a 
very  fast  means  of  calculating  the  exponential  integrals,  but  cautions  that  in  some  applications 

-7 

in  radiative  transfer,  the  accuracy  (which,  incidentally,  is  within  about  1 x 10  ) may  not  be 

sufficient.  As  alternatives,  he  cites  approximations  by  Cody  and  Thatcher  [218];  and  Gaussian 
quadrature  as  applied  in  privately  published  work  (Dave,  [219]  and  Armstrong  and  Dave  [220]). 
These  alternative  methods,  however,  are  slower  than  Drayson's  and  the  accuracy  is  not  nu <:ded 
in  the  light  of  other  special  calculation  techniques. 

Because  of  Drayson's  interest  in  cooling  in  the  mesosphere,  mesopause,  and  lower  thermo- 
sphere due  to  absorption  by  the  15  pm  band  of  CO,,,  his  coverage  of  the  spectrum  is  somewhat 
limited;  and  furthermore,  because  of  the  atmospheric  regime  covered,  depends  heavily  on  non- 
equilibrium processes.  The  method  of  calculation  is  general,  however,  and  is  not  applications- 
oriented.  The  only  bands  used  for  calculating  rotational  line  parameters  were  those  tabulated 
in  Table  24  with  isotopic  relative  abundances  as  given  in  Table  25.  The  value  used  for  the 
„orentz  half -width  was  0.08  cm  1 at  1 atm  and  300  K.  For  specific  details  of  the  theoretical 
approaches  used  to  formulate  methods  of  calculation  of  cooling  rates  and  for  the  results  of 
calculations,  the  reader  Is  referred  to  the  thesis  by  Drayson  [1967],  published  as  a University 
of  Michigan  report  for  the  National  Science  Foundation.  \ 

The  significant  factor  in  Drayson's  calculation,  as  far  as  this  section  of  this  report  is  con- 
cerned, is  the  method  of  calculating  the  effect  of  molecu’ar  absorption.  In  order  to  perform 
the  calculation  in  the  line-by-line,  direct  integration  method,  he  used  line  parameters  pre- 
viously compiled  at  The  University  of  Michigan  (Drayson  and  Young,  1967).  Flux  divergence 
was  determined  by  taking  finite  differences  of  the  flux  equation  which  was  written  for  numerical 
evaluation  in  the  form:  ■ 

217.  B.  H.  Armstrong,  "Exponential  Integral  Approximations,"  J.  Quant.  Spect.  Had.  Trans.,  j 

Vol.  9,  1969,  pp.  1039-1040. 

218.  W.  Cody  and  H.  Thatcher,  Jr.,  Math.  Comp.,  Vol.  22,  1868,  p.  641.  [ 

219.  J.  Dare,  A Subroutine  for  Evaluation  of  the  Exponential  Integral  with  Fifteen  Significant 

Figure  Accuracy,  Rept.  No.  320-3251,  IBM  Paio  Alto  Science  Center,  Palo  Alto,  Calif..  j 

1968.  i 

j 

220.  B.  H.  Armstrong  and  J.  Drive,  Gaussian  Quadratures  of  the  Exponential  Integral,  Rept. 

No.  320-3250,  IBM  Palo  Alto  Scl.  Center,  Palo  Alto,  Calif.,  1009. 
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24,  BAND  STRENGTH  USED  IN  CALCULATING 
ROTATIONAL  LINE  INTENSITIES.  (From  Drayson,  1967  J 8J.) 


Level 

Band  Center 

Strength 

Lower 

Upper 

(cm‘1(atm  cm)'1  at  3 00°K) 

1 

000:0 

010:1 

667.379 

194 

2 

010:1 

020:0 

618.033 

4.27 

3 

010:1 

100:0 

720.808 

8.2 

4 

010:1 

020:2 

66  7.750 

15.0 

5 

020:0 

030:1 

647.054 

1.0 

6 

020:0 

110:1 

791.447 

0.022 

7 

020:2 

030:1 

597.337 

0.14 

8 

020:2 

110:1 

741.730 

0.14 

9 

020:2 

030:3 

668.151 

0.85 

10 

100:0 

110:1 

688.672 

0.3 

11 

100:0 

030:1 

544.279 

0.004 

12 

030:S 

040:2 

581.62 

0.0042 

13 

030:3 

120:2 

757.47 

0.vv59 

14 

030:1 

120:2 

828.284 

0.00049 

15 

030:1 

120:0 

738.364 

0.014 

0 

1 

2 

3 

4 


TABLE  25.  RELATIVE  ABUNDANCE  OF  ISOTOPIC 
MOLECULES.(From  Drayson,  1967  [8]  ) 


Molecule 

Abundance  Relative 
t°  12c 

Band  Center 

Of  Fundamental  ) 

12c  16o2 

r.oo  ■ 

667.4 

lsc  15o2 

1.12  x 10' 2 

648,5 

,2C  ,50  180 

4.0  x 10"2 

662.3 

I2c  19o  »o 

8.0  x 10'4 

664.7 

lsc  ,60  ,80 

4.5  x 1C'5 

643.6 
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for  which  the  atmosphere  is  considered  as  divided  into  homogeneous  layers,  in  which  the 
source  function  is  approximated  by  a polynomial  in  some  vertical  varying  parameter,  e.g., 
pressure.  For  details  see  the  full  report  of  this  work.  The  factor  of  significance  to  this  state- 
of-the-art  report  is  the  method  of  integrating  the  function  over  frequency,  in  which  the  line 
parameters  are  implicit  in  Eq.  (225). 


6.2.2  TRANSMITTANCE  CALCULATION 

For  carrying  out  the  integration  in  frequency  of,  say,  Eq.  (225),  which  is  essentially  a cal- 
culation of  transmittance  or  absorption,  another  work  by  the  same  author  is  cited  [221 J,  in 
which  the  integration  was  exemplified  in  finding  the  average  value  of  transmittance  7 in  the  fre- 
quency interval  to  As  has  already  been  seen  there  are  a number  of  lines  kj(u)  = S^b^i^,  v) 
in  the  interval  i/j  to  i<^  which  contributed  to  the  absorption,  all  characterized,  among  other 
things,  by  their  centers,  i^.  The  basis  for  the  direct  integration  technique  is  to  find  an  effi- 
cient way  of  numerically  integrating  the  monochromatic  transmittances  in  the  band  between 
Vj  and  Vy.  The  setup  of  equations  is  given  in  the  text  of  the  U of  M report  (Drayson,  1967), 
but  the  specific  details  of  the  integration  over  frequency,  which  are  of  importance  to  the  cur- 
rent state-of-knowledge,  are  referred  to  in  the  earlier  work  by  Drayson  and  Young  (1966). 
Therefore,  it  is  pertinent  to  investigate  the  technique  in  terms  of  this  earlier  work. 

A typical  application  of  the  integration  technique  is  the  weighting  of  r(V)  over  the  slit  of 
a spectrometer,  namely: 


where  f(|p  - v*\t  a)  is  the  normalized  slit  function,  and  (a)  is  the  slit  width  at  half  Intensity. 
Drayson  and  Young  (1966'  have  applied  the  technique  to  the  integratioii  of  variously  broadened 
lines,  although  the  form  of  the  integrand  is  not  of  utmost  importance.  Shown  below  is  the 


221.  S.  R.  Drayson  and  C.  Young,  Theoretical  Investigations  erf  Carbon  Dioxide  Radiative 
Transfer,  Report  No.  07346  1-F,  University  of  Michigan,  Ann  Arbor.  1966. 
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complexity  of  the  expressions  for  which  the  integrations  over  frequency  were  carried  out,  and 


r2 

in  which  the  integrafion  I kj(i/)dw  is  performed  over  the  pressure  range  Pj  to  P2  to  yi’ld 

P1 

(foi  constant  absorber -to-alr  mixing  ratio  and  constant  temperature): 

2 _2  . ,2 


Tj(p')  = jk,(K)dw  = 


2va 


fn 


LO 


“lo’;  ♦ <-  • V2 

°IA  ♦ <-  - v2 


(226) 


for  Lorentz  broadening, 

where  Pj  and  P^  are  the  pressures  at  the  upper  and  lower  boundaries  of  the  layer 
c = dw/dP 

Sj  is  the  mean  line  strength 

a^gis  the  line  half -width  per  unit  pressure  at  standard  conditions 


For  the  mixed  Doppler-Lorentz  broadening,  a similar  integration  over  pressure  yields  (for 
the  conditions  stated  above): 


TjM  = 


(227) 


(v  - v ) 

where  y = — Vfn2  (a_  = Doppler  half-width) 

D 


u = -L-i  /7H2 
°D 


(“1 


Lorentz  half -width 


= OL0P) 


u = u0p 


°"«D  * ’ 


i l /fn2 


The  optical  depth  is  obtained  by  summing  up  over  all  lines  and  over  the  path  between  the  points 
In  the  atmosphere  for  which  the  transmittance  is  to  be  determined.  Or,  the  atmosphere  can  be 
subdivided  into  homogenecus  layers  and  a Curtis-Cudson  approximation  (see  Section  5)  is  used 
over  each  layer. 


The  evaluation  of  the  frequency  integral  can  be  done  numerically  by  using  an  appropriate 
quadrature  formula,  either  a high-order  one  over  the  whole  interval  of  integration,  or  a low- 
order  one  over  successive  portions  of  the  interval.  Drayson  and  Young  (1966)  have  chosen  the 
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latter  because  of  the  rapid  fluctuation  of  k(n).  They  found  by  a process  of  trial  and  error  that 
4-point  Gaussian  quadrature  could  be  applied  suctes.sfully  to  Lorentz  or  Vclgt  ,-ofiled  lines 
near  the  centers  over  the  Intervals  bounded  by  points  0.0,  0.001,  0.002,  0.003,  0.005  and  0.01 
cm  * on  either  side  of  the  line  center.  The  narrowness  (0.001  cm  *)  of  interval  is  required  at 
low  pressures  but  could  be  made  wider  for  application  in  the  troposphere.  Four-point  quadra- 
ture yielded  accuracy  cf  four  decimal  places  in  transmittance,  whereas  lower  order  quadiature 
introduced  considerable  error  because  of  the  rapid  decrease  in  the  absorption  coefficient  away 
from  the  line  center.  In  the  region  between  lines,  away  from  line  centers  the  variation  of  k(«) 
is  not  as  great,  so  that  a coarser  interval  of  integration  may  be  used,  specifically,  0.01  cm  * 
subintervals  for  a distance  of  from  0.04  to  0.35  cm  * from  line  centers,  and  0.1  cm  * sub- 
intervals elsewhere.  In  order  to  avoid  round-off  errors  in  the  computer,  the  line  frequencies 
were  read  in  the  computer  to  two  decimal  places,  multiplied  by  100,  and  converted  from  floating 
point  to  Integer  mode.  To  calculate  the  absorption  in  any  1 cm  * interval,  the  frequencies  were 
converted  back  to  floating  point,  relative  to  the  center  of  the  interval.  By  calculating  all  fre- 
quencies relative  to  this  point,  the  difference  between  neighboring  frequencies  could  be  accu- 
rately found. 

It  is  important  to  note,  and  often  overlooked,  that  Gaussian  quadrature  i3  used  because  the 
highest  order  approximation  can  be  achieved  for  the  smallest  number  of  points. 

Drayson  and  Young  do  not  specify  Eq.  (227)  for  the  calculation  of  transmittance  using  the 
Doppler-Lorentz  broadening,  but  refer  instead,  for  slant-path  calculation,  »o  the  expression 
prior  to  pressure  integration,  namely: 


, . r»  V f « 

riw . j dP_  j 
P,  -« 


exp  [-t2l 


(y  - tr 


dt 


(228) 


They  refer  to  a paper  by  Young  (1965)  for  a description  of  the  method  for  solving 


kjO/} 


V f exp  [ -t2 ) 

* J u2  ♦ (y  - t)2 
•00 


dt 


A newer,  much  faster  method  (Drayson,  (222  j)  is  currently  being  used.  In  the  earlier  work, 
four-point  Gauss-Hermit  quadrature  was  used  with  y i 7.0  and  u positive.  For  the  other 
regimes:  u s 1.0,  y < 7.0  and  u > 1.0,  y < 7.0,  the  reader  is  referred  to  the  paper  by  Young 
(1965).  See  also  Section  5 of  this  report. 


222.  8.  R.  Drayson,  Prlvato  communication,  1974. 
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Because  there  are  so  many  lines  ever  which  the  calculation  must  be  made  (see,  for  ex- 
ample, Fig,  27),  approximations  and  other  short-cuts  must  be  performed  to  keep  down  the 
computer  cosis.  A straightforward  numerical  integratien  over  the  AFGRL  lines,  for  which 
a computer  program  is  given  in  the  AFCRL  report  (McClatchey,  et  al.,  1973),  requires  a very 
large  expenditure  of  computer  time,  with  an  average  cost  without  short-cuts  of  a little  under 
$1  .00  per  wavenumber,  a cost  which  can  escalate  rapidly  if  the  spectral  region  required  is  of 
any  reasonable  size.  It  must  be  realized,  of  course,  that  this  cost  depends  on  a number  of 
factors,  not  the  least  important  of  which  is  the  number  of  lines  in  a particular  band. 

Drayson  and  Young  (1906)  simplify  their  calculation  by  assuming  the  Lorentz  half-width 
for  the  15  jum  band  of  air-broadening  CO^  to  have,  the  constant  value  of  0.08  cm  * at  1 atm 
and  300  K,  as  the  result  of  comparisons  between  the  suggested  values  of  different  investigators 
In  later  work  on  radiative  transfer,  a variable  half-width  has  been  used.  They  used  the  pure 
Lorentz  shape  for  pressures  greater  than  0.1  atm,  and  the  mixed  Doppler-Lorentz  (Voigt)  pi-ofile 
for  pressures  less  than  0.1  atm.  The  Lorentz  shape  was  used  for  \v  - Vjl  > 0.2  cm  *.  The 
Doppler  half -width,  which  varies  with  frequency,  changes  sufficiently  little  to  be  effectively 
constant  over  a 1 cm  1 interval,  the  value  being  that  calculated  for  the  center  of  the  interval. 

In  the  case  of  a constant-pressure  path  the  quadrature  calculation  is  applied  to  the  line  with 
these  parameters  in  the  vicinity  of  the  line  center  as  outlined  above  for  whatever  pressure  is 
desired.  For  the  layered  atmosphere,  the  Curtis-Godson  pressure  for  each  layer  is  deter- 
mined and  the  calculation  performed  for  these  pressures.  This  procedure  yields  more  accu- 
rate results  than  obtaining  the  Curtis-Godson  approximation  over  the  entire  path. 

For  lines  whose  centers  are  further  than  3.5  cm  1 from  the  center  of  the  1 cm  1 interval 
considered  above,  an  interpolation  is  preformed  to  determine  their  contributions  to  the  interval 
from  the  wing  contributions  of  the  line  evaluated  at  the  midpoint  and  the  two  end  points  of  the 
1 cm  1 interval.  The  reason  is  that  the  variation  of  this  part  of  a line  over  a 1 cm  1 interval 
is  small,  and  much  time  is  saved.  These  contributions  will  vary  with  temperature,  so  the  cal- 
culations are  made  for  six  temperatures:  300,  275,  250,  225,  200  and  175  K.  The  interpola- 
tion is  made  over  wavenumber  and  temperature  to  determine  the  wing  contributions.  In  this 
way,  the  wing  contribution  can  be  included  accurately  (i.e.,  there  is  no  need  for  an  arbitrary 
cut-off);  and  non-Lorentz  shapes  can  be  used  if  desired.  Thus,  much  CPU  and  storage  time 
is  saved  without  a compromise  on  accuracy. 

Two  further  interpolation  procedures  are  used  for  the  absorption  coefficient: 

(a)  Over  0.1  cm  * intervals  some  lines  closer  than  3.5  cm"*  do  not  vary  much  in  their 
contributions.  So  a computation  is  made  for  the  sum  of  the  absorption  coefficients  of  these 
lines  at  the  center  of  the  interval  and  the  two  end  points.  The  interpolation  is  made  over  wave- 
number as  required.  Currently,  the  bounding  value  is  0.8  cm  *,but  this  can  be  adjusted. 
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(b)  Near  the  line  center  ("q  ± 0.01  era  *)  using  the  small  sublntcrvals  described  earlier, 
an  interpolation  can  be  made  for  lines  more  distant  than  0.1  cm  * from  the  line  center. 
These  in’erpolations  save  much  computer  time  without  loss  of  accuracy. 


6.3  THE  METHOD  OF  KUNDE  AND  MAGUIRE 

6.3.1  APPLICATION 

The  most  recent  calculation  of  Kunde  and  Maguire  (1974)  for  a direct  integration  of  the 
transmittance  parameters  is  similar  in  procedure  to  that  proposed  by  Drayson  (1967).  The 
application  of  the  results  was  somewhat  different,  however,  and  many  cf  the  particulars  in  the 
use  of  approximations  are  peculiar  to  the  use  of  the  results.  For  example,  Kunde  and  Maguire's 
expression  of  the  radiative  transfer  equation,  shown  here  as: 

R 

L,(0)  = L/RMi',  R)  ♦ J L*(s)dr(^,  s)  (229) 

0 


implies  its  eventual  use  in  comparing  theoretically  predicted  with  experimentally  observed 
radiances  in  the  atmosphere.  Their  expression  for  the  transmittance  through  a uniform  slab 
(at  pressure,  P and  temperature,  T)  is  the  usual  exponential  diminution  at  a specified  fre- 
quency, in  a form  suitable  for  incorporation  into  their  radiative  transfer  equation: 


r{v,  b)  = exp 


- P.  T)w4 


(230) 


where  w = pR  Is  the  absorber  amount  in  distance  R.  Density  of  the  i-th  gas  is  Pj  and  kj(i>)  is 
its  absorption  coefficient  at  frequency,  v.  The  average  spectral  transndttance  over  the  inter- 
val, Ay,  is  written,  as  usual: 


’Ai/ 


h 


dv 


Ay 


(231) 


and,  with  Ai>  divided  into  a variable  number  of  subintervals,  k = 1,  2,  . . . K,  a four-point 
Legendre-Gauss  quadrature  (see,  for  example,  Abramowitz  and  Stegun,  1964)  is  employed  in 
each  subinterval,  such  that: 
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where 


.‘VX 


and  vn  andv.  are  the  upper  and  lower  limits  respectively  of  any  suhinterval.  The  Wf  and 

^k  \ 

y | are  respectively  the  weights  and  abscissae  used  in  Gaussian  quadrature. 

6.3.2  TRANSMITTANCE  CALCULATION 

The  objee:  of  the  work  reported  by  Kunde  and  Maguire  was  to  calculate  upwelling  spectral 
radiance,  neglecting  any  scattering  effects.  In  Eq.  (229)  the  lower  limit  of  the  path  th-ough 
which  the  radiance  originates  is  designated  as  s = 0,  and  the  upper  limit  (usually  the  top  of  the 
atmosphere)  is  designated  as  s - R.  The  expression  for  r(v)  to  any  point  s from  above  the 
atmosphere  is,  of  course,  different  from  that  in  Eq.  (230)  because  the  path  through  the  atmo- 
sphere is  variable.  Instead,  there  results: 

”8 

t{v,  s)  = exp  P’  T^ids'  (233) 

_ 0 i 

where,  for  the  1-th  gas,  Wj  = Jpj  ds'.  The  approximation  of  the  Integral  in  a summation  leads 


/,  s)  - exp  - TTk.jfr,  Pj,  Tj) 
- 1 i 


in  which  the  atmosphere  is  divided  into  layers  of  constant  T and  constant  P (j  - 1,  2,  . . , J) 
equal  respectively  to  the  average  temperature  and  pressure  over  each  layer.  The  four-point 
Legendre-Gaussian  quadrature  applied  to  r over  A v,  which  is  divided  into  K sublntervals 
(k  = 1,  2,  . . , K),  then  yields; 

-v.  4 


rAv(s)  = 


The  numerical  approximation  to  Eq.  (229)  is: 


ty"*  °>  s ^(°)/Am  = L>,  R)r^(R)  + £ T<S>)A^S>] 
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The  value  Is  taken  at  the  midpoint  of  the  increment.  Thus,  the  average  spectral  radiance  over 
the  interval,  Ai>,  is  obtained  from  a knowledge  of  the  Planck  function  at  the  center  of  a layer 
and  the  calculated  transmittances  originating  at  a prescribed  set  of  atmospheric  levels, 
appropriately  30  in  all,  selected  to  yield  nearly  equal  increments  of  Ar.  This  results  in  a 
succession  of  levels  which  vary  in  incremental  distances  from  0.5  km  at  the  lower  surface  to 
•1  km  at  the  upper  limit.  The  values  of  A7  are  computed  (in  At/  intervals  of  0.1  cm'1)  for  in- 
crements of  0.1  km  by  Interpolation  from  the  values  of  computed  from  the  30  levels. 

For  comparison  with  satellite  data,  Kunde  und  Maguire  averaged  the  spectral  radiance  over 
the  presumed  slit  function  of  a spectrometer  so  that: 

v2 

LAl /(•'*)  = J fd*'  * v*  I*  a)LM(v)dv 
v\ 

where  f is  the  normalized  slit  function 

a is  the  full  width  of  the  slit  at  half  of  maximum  intensity 
v * is  the  center  of  the  slit  width, 
i/j,  i>2  are  the  zer0  points  of  the  slit  function. 

In  the  approximation  this  integral  is  evaluated  numerically  as; 

W"**  " Z7 (S  * v*  *'  ^AjAi^i  {237) 

t 

where  - v*l,  a^  is  the  average  value  of  f over  the  interval  Ai^,  and  is  the  center  of 
the  i-th  interval  Aj/j.  By  performing  a fast  Fourier  transform  of  7 and  L the  convolution  in 
Eq.  (237)  can  be  obtained  by  the  product: 

m * F(t)^(t> 

where  t is  time,  and£?,  F and^and  the  Fourier  transforms  of  their  respective  functions. 

6.3.3  SETUP  OF  THE  PROGRAM 

The  outline  <*.'  the  numerical  algorithm  for  determining  L is  taken  directly  from  a preprint 
of  Kunde  and  Maguire's  paper  on  the  direct  integration  of  transmittance  (223  j as  follows: 

"1.  Specify  atmospheric  model,  vertical  temperature  profile,  vertical  gas  concentration, 
and  surface  pressure. 

"2.  Specify  molecular  absorbing  gases  and  appropriate  line  parameters. 

223.  V.  G.  Kunde  and  W.  C.  McGuire,  Direct  Integration  Tranamlttance  Model,  NASA  Report 
No.  X -622-73-258,  Goddard  Space  Flight  Center,  Greenbelt,  Md.,  1973. 
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"3.  Set  up  vertical  matrix  of  atmospheric  temperatures,  atmospheric  effective  pressures, 
and  optical  path  lengths  for  each  absorbing  gas  for  each  atmospheric  layer. 

"4.  Determine  the  average  transmittance  for  a 0.1  cm"*  interval  for  J atmospheric 
levels  from  Eq.  (234)  and  (235). 

"5.  Determine  the  emergent  radiance  for  each  0.1  cm  * interval  from  Eq.  (236)  across  iiie 
spectral  region  of  interest. 

"6.  Determine  the  emergent  radiance  averaged  over  the  instrument  function  as  specified 
In  Eq.  (237)  for  comparison  to  the  observed  spectrum. 

This  algorithm  has  been  programmed  entirely  in  Fortran  IV  for  an  IBM  360  operating  system." 

In  a manner  similar  to  that  by  Drayson,  Kunde  and  Maguire  perform  an  integration  over 
all  the  lines  of  the  atmospheric  molecules  by  considering  two  regimes  over  each  line,  namely 
(1)  that  region  containing  At>  < 6,  and  (2)  that  containing  Ae  > 6,  where  6 is  a prescribed  distance 
from  the  line  center  Specifically,  for  Ai/  < 6 the  quadrature  points  are  closely  spaced;  for 
Ay  i 6 the  quadrature  points  are  spaced  farther  apart.  The  details  in  the  Kunde  and  Maguire 
report  are  explicit  and  should  be  sought  by  the  reader  who  has  more  than  a passing  interest. 

The  expression  for  the  absorption  coefficient  at  a given  frequency  resulting  from  the  accumula- 
tion of  the  effects  of  in  lines  of  the  i-th  gas  in  the  j-th  layer  with  appropriate  intensity  is 
(see  Eq.  (234)): 


VV' 


Per  V ' ESlm<TJ,blmlPeJ' 


V*klX<> 


VVPr 


m 


(238) 


(Recall  that  k and  t refer  respectively  to  the  subdivision  At/,  and  the  order  of  quadrature.) 

Pej  is  the  average  effective  pressure  in  the  J-th  layer,  where  = P + (B  - l)pa,  such  that  P 
is  the  total  pressure,  p^  is  the  partial  pressure  of  the  absorbing  gas  and  B is  the  self -broaden- 
ing coefficient.  The  subscript  r refers  to  reference  conditions,  i.e.,  conditions  under  which  the 
line  parameters  were  initially  determined.  The  first  term  in  Eq.  (238)  refers  to  that  portion  of 
all  the  line  shapes  at  v for  which  the  distance,  Ar,  from  a line  center  is  less  than  6 (=3. 5 cm”*) 

The  line  shape  b (P  , T)  is  the  mixed  Lorentz- Doppler  shape  given  as: 
m 6 

b(u,  y)  = Y^^H(u,  y) 


Vfn2  j when  the  distance  from  the  line  center  is  less  than  0.2 

cm  *,  and  the  pressure  is  less  tlan  100  rob.  The  Lorentz  line  shape  ;vas  osed  otherwise.  The 
function  H(u,  y)  was  evaluated  according  to  a numerical  procedure  given  by  Young  (19S5>. 
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The  second  tern.  In  Eq.  (238)  corresponds  to  that  portion  of  the  lines  effective  at  v for 
which  Ai>  > 6.  Since  in  tills  region  the  modified  Lorentz  shape  is  sufficiently  accurate,  the  k°(y) 
is  given  by: 


k°(v)  = 


L »(»  - “a  f 

in  ' ml 


y is  given  here  as  0.5. 


(239) 


As  in  the  integration  performed  by  Drayson  and  Young  (1966),  each  quadrature  calculation 
was  made  in  intervals  prescribed  to  keep  the  computer  time  to  a minimum,  while  keeping  the 
accuracy  as  high  as  possible.  So  instead  of  retaining  a coarse  quadrature  interval  and  com- 
promising accuracy,  or  a fine  interval  and  sky-rocketing  computer  costs,  the  variable  interval 
was  tailored  to  the  exact  shape  of  the  line.  An  excellent  description  of  the  frequency  mesh 
used  to  perform  the  numerical  integration  cn  the  spectral  transmittance  over  Av,  taken  from 
Kunde  and  Maguire  (1973),  is  shown  in  Figure  44,  in  which  the  schematic  representation  of  the 
central  part  of  the  line  shape  is  severely  distorted. 

The  interval  chosen  for  Ai>  is  0.1  cm  *,  which,  therefore,  limits  the  ultimate  resolution. 
This  is  considered,  however,  to  be  always  much  smaller  than  the  instrumental  spectral  res- 
olution. This  interval  is  subdivided  for  quadrature  into  smaller  intervals,  the  fineness  of  the 
subinterval  being  determined  by  its  closeness  to  the  center  of  a line;  namely,  that  which  yields 
a mesh  of  about  0.001  cm  * in  the  immediate  vicinity  of  the  center  and  0.1  cm  * interval  in  the 
wings.  The  scheme  for  dividing  up  the  0.1  cm  * interval  is  shown  in  Figure  44.  When  there 
are  no  lines  falling  closer  to  the  interval  than  6,  the  fo<»r-polnt  quadrature  Is  performed  over 
the  ertlre  0.1  cm  1 interval  as  shown  in  Figure  44(a).  The  quadrature  points  are  shown 
normally  as  short  vertical  marks  at  t n of  the  scale.  If  one  line  appears  in  the  inter- 

val, it  is  divided  up  as  shown  into  two  inti . vals,  d^,  on  either  side  of  the  line  center,  and  into 
d2  and  J3  on  either  side  of  dj.  (See  Fig.  44(b).)  Each  interval,  dj,  is  further  subdivided  into 
two  parts  and  four-point  Legendre-Gaussian  quadrature  performed  on  these  parts.  The  accu- 
racy in  the  transmittance  is  alleged  to  be  good  to  two  or  three  significant  figures.  Four-point 
Legendre-Gaussian  quadrature  is  also  performed  on  the  intervals  designated  d2  and  d^. 

When  there  are  two  or  more  lines  In  the  9.1  cm”1  interval,  the  integration  is  performed 
as  shown  schematically  in  Figure  44(c).  The  major  difference  between  this  and  the  case  with 

one  line  is  the  interval,  circle  6,  between  lines.  This  interval  Is  designated  as  d..  Thus,  in 

.1  ' 

summary,  when  there  are  no  lines  in  the  0.1  cm  Interval,  it  is  divided  up  into  a total  of  four 
quadrature  points.  With  one  line  in  the  interval,  the  total  number  of  mesh  points  is  24;  and 
with  two  lines  in  the  interval  the  number  of  points  is  44.  There  are  correspondingly  more 
points  as  the  number  of  lines  in  the  interval  increases. 
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FIGURE  44.  SCHEMATIC:OF  VARIABLE  WAVE  NUMBER  MESH  FOR 
0.1  cm*1  INTERVAL  WITH  TWO  SUB-INTERVALS  IN  dj.  (a)  No  molecu- 
lar lines,  4 mesh  : oints;  (b)  one  molecular  line,  6 sub-intervals;  (c)  two 
molecular  lines,  11  sub-intervals,  44  mesh  points.  (Reproduced  from 
Kunde  and  McGuire,  1974  [9J 
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6.3.4  POME  RESULTS 


Kunde  and  Maguire  specify  ir  their  paper  the  number  and  types  of  line  parameters  used  in 
their  prog  ram.  TheAFCFLline  compilation,  however,  can  be  readily  adapted.  Some  comparisons 
where  made  with  experimental  data,  of  which  three  examples  are  shown  in  Figures  45,  46,  and  47, 
taken  from  the  report  by  Kunde  and  Maguire  (1974).  These  figures  depict,  respectively,  the 
homogeneous-path  transmittance  for  COg,  HjO  and  O In  accordance  with  experimental  evi- 
dence, modifications  to  the  line  shape  were  made  to  account  for  the  reduced  absorption  by  CO, 

-1  “ 
in  the  continuum  region  within  the  780-900  cm  range,  but  not  shown  in  Figure  45.  Thus  for 

all  COj  lines  in  the  500  to  800  cm  1 region,  the  line  shape  took  the  form: 

b = b»  . for  \v  - un  I £ v . 

Lorentz  0 min 


r bn  (240) 

b =bLorentz  exP  M"  ~ Vo\  ~ *'min)  J for  !"  * "01  > "min 


with  v . =3.5  cm'1  from  the  line  center.  Best  fit  to  the  data  was  obtained  with  a = 1.4  and 

min 

b = 0.25.  Kunde  and  Maguire  claim  an  agreement  of  better  than  10^  and  suggest  that  the  dis- 
crepancy in  the  Q-branch  regions  is  more  indicative  of  an  Incomplete  knowledge  of  the  instru 
ment  slit  function  than  of  a true  difference  in  transmittance  as  determined  theoretically  and 
experimentally. 


Much  greater  care,  based  on  the  results  of  several  years  of  experimental  and  theoretical 
investigations,  was  exercised  in  generating  the  proper  parameters  for  the  continuum  in  HjO. 
Shown  in  Figure  48  are  the  values  adapted  for  the  foreign-  and  self -broadening  coefficients 
used  in 

*(P'  PH20'  T)  ’ "i(T|P  * k2,T,Pll20 


is  the  partial  pressure  of  HgO  vapor 


to  obtain  the  transmittance  in  the  I^O  continuum 


regions  between  400 ai.-  I )00  cm  Comparison  of  results,  however  arc  shown  between  the 
values  obtained  by  calculation  and  by  experiment  in  the  1535  cm  * I^Oband.  The  difference 
in  apparent  structure  on  either  side  of  the  center  of  the  band  is  the  result  of  a change  in  res- 
olution from  5 cm  * at  1200  ro'1  to  20  cm’1  at  2000  cm  . The  agreement  is  better  than  5<£ 


Comparison  of  earlier  tesults  (Conrath,  et  ul..  Ref.  [224 j)v;ith Nimbus  3 data  (see  also 
Section  9)  showed  a deficiency  in  the  part  of  the  spectrum  as  a result  of  the  neglect  of  cer- 
tain upper-state  bands.  Tl.e  recent  data  have  been  improved  by  the  inclusion  of  the  band  at 


224.  B.  J.  Conrath,  R.  Hanoi,  V.  Kunde  and  C.  Prabhahara,  "The  Infrared  Interferometer 
Experiment  on  Nimbus  3,”  J.  Geopbys.  Res.,  Vol.  75,  No.  JO,  1870,  pp.  5831-0857. 
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FIGURE  46.  HOMOGENEOUS  PATH  COMPARISON 
FOR  1595  cm*1  H2O  BAND  AT  ROOM  TEMPERA- 
TURE. (a)  Pe  • 140  mb,  P « 159  mb,  Pjj^q  " 10  mb, 


wh2o 

pH20 


* 0.0352  pr  cn;  (b)  Pe  *=  1073  mb,  F = 985  rob, 
«■  22  mb,  wH£0  “ Pr  cm-  (Reproduced 
from  Kunde  and  McGuire,  1074  [9].) 
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FIGURE  47.  HOMOGENEOUS  PATH  COMPARI- 
SON FOR  701  cm*1  O*  BAND  AT  ROOM  TEM- 
PERi*TUF2.  (*)  P ■=  6.66  mb,  w = 2cra  atm; 

(b)  P 533  mb,  w = 9.4  cm*  atm.  (Reproduced  from 
Kunde  and  McGuire,  1074  [9].) 
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FIGURE  48.  WATER  VAPOR  CONTINUUM  ABSORPTION  COEFFICIENT  FOR 
THE  400-1400  cm"*  REGION.  The  k2  component  in  normalized  to  the  self- 
hrondencd  modlf.'ed  Van  Vleck -Weisskopf  line  shape  for  the"  rotational  H2O  lines 
&t  400  ct/i"*  and  the  self-broadened  Lorcutz  line  shape  for  the  lines  of  the  1595 
cm"'  HjObr.nd  at  1400  cm"*.  The  kj  component  is  normalized  in  a similar  manner 
to  the  foreign  broadened  water  vapor  components  at  400  and  at  1400  cm"*.  Only 
the  kj  and  k2  contributions  are  included  in  the  400-1400  cm"*  region.  (Reproduced 
from  Kunde  and  McGuire,  1974  [9).) 
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701.4  cm  *,  adequate  representation  of  whicn  is  given  by  McClatchey,  et  al.  (1973)  Com- 
parison of  Kunde  and  Maguire's  theoretical  results  for  this  band  with  the  laboratory  results 
of  McCaa  and  Shaw  (1967)  is  shown  ir  Figure  47.  The  number  of  lines  used  in  the  calculation 
was  2158.  The  foreign-broadened  half-width  (self-broadening  was  assumed  to  be  negligible) 
used  was  0.07  cm  at  296  K for  a Lorentz  shape. 


6.4  KYLE'S  METHOD 

Another,  somewhat  different,  method  of  performing  a line-by-line,  calculation  was  devel- 
oped by  Kyle  (1968c).  His  integration  over  the  spectral  lines  is  performed  with  a simple 
trapezoidal  formulation,  using  a uniformly  spaced  integration  net,  optimized  for  a particular 
line  shape.  This  would  ordinarily  be  considered  a brute-force  attempt  at  integration,  which 
would  be  most  uneconomical  in  terms  of  computer  time  and  costs.  But  Kyle  has  devised  a 
scheme  for  broadening  the  net  or  integration  interval,  so  that  the  number  of  computations  is 
minimized.  He  writes  for  the  generalized  absorption  coefficient  the  expression  k(v  - t/.,  a), 
which,  numerically  integrated  with  a step  size  D,  yields: 


+ A,  a )D  = 1. 


(241a) 


The  value  of  A is  calculated  so  that  normalization  over  the  interval  remains  unity.  The  physi- 
cal representation  of  this  type  of  numerical  integration  is  shown  in  Figure  49. 

With  D taken  outside  of  the  summation,  the  summation  resembles  the  expression  for  an 
Elsasser  band,  so  that  the  result  can  be  written  directly  for  any  line  shape  for  which  there  is 
a known  solution.  In  the  case  of  the  Lorentz  line  shape,  the  solution  to  Eq.  (241a)  is: 


D/a. 

id - i 

+ A/o<l)2  + 1 

or 

sinh  (2tra.  /D) 

ii_  - i 

cosh  (2=ZTL/C)-  cosTZrA/D)  ~ 
which  when  solved  for  A,  yields: 

A = (D/2jt)  cos  * [exp  (-2?r«j  /D)] 


(241b) 


(241c) 


(242) 


Thus,  with  a chosen  value  D,  the  step  size  in  the  numerical  integration,  the  choice  of  A is 
made  according  to  Eq.  (242).  The  error  in  the  integrated  absorptance  of  a line  is  dependent  on 
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the  choice  of  D/ar^*  This  error  is  shown  plotted  in  Figure  50  as  a function  of  Sw/27ra^,  which 
specifies  that  reasonably  large  net  sizes  may  be  used  before  significant  error  occurs.  Figure  51 
shows  how  the  peaks  of  the  family  of  curves  in  (Fig.  50)  vary  as  a function  of  the  s*ep  size.  In 
the  same  figure  are  plotted  similar  values  for  a Lorentz  line  for  which  the  value  of  A is  forced 
to  zero;  and  for  a so-called  atmospheric  line,  The  1?  .er  values  are  derived  from  the  calcula- 
tion of  abrorptance  in  a vertical  path  through  the  atmosphere,  for  a Lorentz  line  whose  shape 

changes  as  the  half-width,  a. , changes  with  pressure. 

Li 

A A -value  can  be  calculated  for  the  atmospheric  line  by  considering  the  shape  derived  by 
Goody  (1964)  for  the  optical  depth  calculated  for  a path  vertically  through  the  atmosphere. 

Thus,  with  the  integrated  value  ot  the  line  shape  normalized  to  unity  as  before,  we  have: 


fn 


(nD  + A )2  + a 2 
(nD  + A)2 


= 1 


(243) 


According  to  Kyle,  this  leads  to: 


1 + exp  (-2»n,  /D) 
Li 

2 


(244) 


A plot  of  the  percent  error  as  a function  ofSw/2»aL  for  various  step  sizes  is  shown  in  Fig- 
ure 52.  We  note,  incidentally,  that  as  D approaches  zero  the  ratio  cf  A/D  approaches  1/4  for 
the  pure  Lorentz  line,  whereas  it  approaches  1/6  for  the  pressure-reduced  line  in  the  atmo- 
spheric case. 

For  the  Doppler  line,  the  expression  for  the  integrated  line  shape  is  given  as; 


00 


LD/m° 


exp 


n=-  oo 


= 1 


(245a) 


where  a is  half  of  the  width  of  the  line  at  an  amplitude  of  e * of  maximum.  Since  no  simple 
, solution  exists  for  A,  it  is  obtained  by  numerical  solution  of  the  equivalent  of  Eq.  (245a), 
given  by  Kyle  as: 


0jfxA/D,  exp  (-nc- /Dr]  = 1 


where  6 » is  the  theta  function  given  by: 

i " 


« 

*2S 


9^(z,  q)  = 1 + qn2  cos  2nz 


(245b) 


(246) 
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F'GURE  49.  ILLUSTRATION  OF  TWO  INTEGRA- 
TION NETS.  WITH  A * 0.  AND  A f 0.  (Repro- 
duced from  Kyle,  1868c.) 


FIGURE  51.  MAXIMUM  INTEGRATED  ACCEP- 
TANCE ERROR  AS  A FUNCTION  OF  STEF  SIZE. 
A i 0 to  determined  by  Eqs.  (242)  and  (244)  for 
the  I-orentz  and  atmospheric  canes,  respectively. 
(Reproduced  from  Kyle,  1968c  [6] .) 


FIGURE  50.  ERROR  OF  INTEGRATED  ABSORP- 
TANCE  OF  A LORE  NT  Z LINE  FOR  THE  STEP 
SIZES,  D/a,  SHOWN  ABOVE  TIIE  CURVES.  A Is 
determined  cy  Eq.  (242).  (Reproduced  from 
Kyle,  1968c  [6] .) 
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The  error  In  Integration  for  the  Doppler  shape  is  given  as  a function  of  Sw/2rap  in  Figure  53, 
for  different  values  of  the  ratio  D/a^.  The  unusual  nature  of  the  curves  i3  a function  of  the 
rapid  drop-off  of  the  Doppler  line,  and  is  controlled  to  some  extent  in  a real  cat*  for  which 
th«  Lorentz  broadening  becomes  dominant  in  the  wings. 

Kyle  notes  that  a step  size  equal  to  the  half  -width  should  give  adequate  results  for  the 
Loreetz  or  Doppler  shape,  with  a smaller  size  needed  for  the  so-called  atmospheric  line.  The 
fact  that  we  are  nearly  always  considering  atmospheric  cases  seems  to  impose  an  upper  limit 
of  roughly  1/4  to  1/2  the  half-width  for  a step  size,  if  reasonable  accuracy  is  to  be  achieved. 
Kyle  argues  that  often  the  positions  of  lines  are  not  well  enough  known  to  Justify  accuracies 
which  require  very  small  step  sizes.  He  notes  that  If  the  line  positions  are  known  only  within 
0.01  cm  \ with  half-widths  greater  than  0.01  cm  V then  a value  of  A as  large  as  0.005  cm  * 
can  be  used  and  a step  size  of  0.01  cm  * would  be  adequate. 


6.5  THE  METHOD  OF  SCOTT  IN  DIRECT  INTEGRATION 

Another  technique,  which  its  author  claims  Is  a computer-time-  saving  technique,  is  de- 
scribed by  N.  A.  Scott  (1974).  The  method  is  based  on  a direct  numerical  integration  in  fre- 
quency using  the  line  structural  properties  to  derive  an  economical  spacing  of  the  frequency 
mesh.  As  designated  by  Scott,  the  vertical  transmittance  is  written  as: 


1 N 

T<V  Zv}  = z-nrywiexp 

a 


(247) 


where: 

Zq,  Zy  = respectively,  the  lower  and  upper  limits  of  integration  In  altitude 
i*a,  = respectively,  the  lower  and  upper  frequency  limits  of  the  spectral  Interval 
Wj,  wk  «=  respectively,  the  weights  for  integration  over  frequency  and  altitude 
N,  r «=  respectively,  the  number  of  integration  points  over  frequency  and  altitude 
I ■=  number  of  lines  in  the  integration  interval  and 
Kj(v,  z)  = Sj(z)bj(i/,  z)w(z) 

where: 

Sj(z)  = strength  of  the  J-th  line  at  altitude,  z; 
w(z)  = concentration  of  the  absorber  at  z;  and 
bj(i»,  z)  = shape  of  the  j-th  line  at  z. 

Recall  that  b^  is  given  by: 
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Lorentz:  - 
v 


/ *2  2 
(‘'-•y  +aL 


dt 


-00 


(248) 


(249) 


(250) 


v - v o.  , 

with:  y 1/fn  2 and  u = — - L in  2 

aD  V aD  ' 

6.5.1  DETERMINATION  OF  INTEGRATION  INTERVALS 

The  altitude  is  divided  into  r layers,  each  with  a mean  pressure  and  a mean  temperature, 

which  are  used  for  the  computation  of  S,  a and  w.  The  frequency  axis  is  divided  into  N equal 

segments,  or  steps,  according  to  Weddle's  integration  formula  (see,  e.g.,  Ref  [225 J)  The  size 

of  the  interval,  bv  - l/N(t/  - v.  ),  is  chosen  to  conserve  computation  time,  yet  preserve  accu- 

ft  D 

racy.  Since  the  line  half-width  varies  as  a function  of  altitude,  the  integration  step  is  chosen 
as  a prescribed  fraction  of  the  half-width  prevailing  at  the  highest  layer  (given  as  zr),  in  the 
vertical  path  through  the  atmosphere.  Depending  on  where  zf  occurs,  the  shape  of  the  line 
could  be  determined  by  Eqs.  (248),  (249)  or  (250)  in  which  cases: 


aL(zr) 

for  Lorentz:  ^ — 

M 

(251) 

a0(zr) 

for  Doppler;  ^ — 

(252) 

«L(0 

for  Voigt:  *=  — ^ — if  y a 1 

(253) 

«D(zr) 

or  bv  * - — — If  y < 1 

where  M > 1. 


123.  G.  A.  Korn  and  T.  Korn,  Mathematical  Handbook  for  EclecUrta  and  Engineers,  McGraw- 
Hill,  N.  Y.,  1981. 
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To  take  account  of  the  fact  that  the  line  half-width  increases  at  the  lower  altitudes,  and 
the  integration  can  accommodate  a larger  integration  step,  Scott  defines  a "representation 
step,"  Ai/(z^)  shown  in  Figure  54,  for  the  k-th  layer,  such  that  the  frequency  interval  is  divided 
into  the  steps: 

*V  'a  + ‘'a  + vb 

where  P = 0,  . . . , n(z^)  and  n(z^)  is  the  number  of  "representation  points,"  in  the  frequency 
interval  for  the  k-th  lay^r.  Note  that  there  is  no  offset  as  recommended  by  Kyle.  The  total 
number  of  integral  >1.  p'tnts,  N = 6v-(u  - v.  ),  is  the  same,  but  the  values  between  the 
"representation  points"  ire  obtained  by  interpolation.  Scott  claims  that  the  interpolation  rep- 
resents a saving  in  computer  time  over  a direct  calculation  of  each  of  the  N values  for  each 
layer. 


6.5.2  SIMPLIFICATIONS 

Ordinarily,  it  would  be  necessary  to  compute  the  value  of  the  line  shape  b^(i/,  z)  = b^ (u(P),  z) 

for  J lines,  at  r layers  for  each  value  of  P,  which  would  invoN  » a large  amount  of  computing. 

Scott  proposes  a simplification,  the  details  of  which  can  be  found  in  the  original  article 

(Scott,  1974).  The  simplification  entails  allowing  (v  - v.),  the  difference  between  i/  , the  initial 

a J <• 

value  of  the  integration  interval,  and  Uy  the  center  of  the  J-th  line,  to  be  an  integral  multiple, 

P',  of  iu(z^).  This  amounts  to  computing: 

for  Lorentz:  - — - \ (1  + U2)’*  and  (254) 

"W 

for  Doppler:  ^~^z—  y “■  e*P  l'1?)  (255) 

aJ  k 

where  in  Eq.  (254),  1J  = (P  + P')/M  and  in  Eq.  (255),  U = (P  + P')Kfn  2/M,  thus  requiring  only 
one  computation  for  each  U,  savisfying  all  lines  having  a given  half-width  or  This  re- 
quires, however,  a sacrifice  in  accuracy,  since  those  lines  which  are  not  an  integral  multiple 
of  Av  from  v must  be  shifted  by  the  value  \u.  - v A s Ar(z.  )/2,  to  u[.  The  loss  in  accuracy  on 

a _j  1 ) K 1 

the  other  hand,  of  the  order  of  O.Oi  cm  , may  not  be  much  greater  than  the  uncertainty  in  the 
positions  of  the  linos.  And  furthermore,  we  may  expect  compensating  offsets  between  the  posi- 
tive and  negative  shifts.  The  value  of  P + P'  incidentally  ranges  from  0 to  a value  beyond  which 
the  computation  of  b^  can  be  halted,  being  a negligible  contribution  to  the  absorption  coefficient. 

When  several  gases  are  involved  in  the  computation,  the  value  is  chosen  on  the  basis  of 
the  gas  with  the  smallest  half-width.  Calculations  of  the  contributions  of  Ike  other  gases  are 
made  in  relation  to  the  ratios  of  the  half-width  of  the  various  gases.  The  reader  is  referred  to 
Scott  (1974)  for  details. 
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FIGURE  54.  SCHEMATIC  COMPARISON  OF  THE 
INTEGRATION  STEP  Sy  AND  OF  THE  REPRE- 
SENTATION STEP  A^(z)  IH  TWO  DIFFERENT 
LAYERS  OF  THE  ATMOSPHERE.  (Adopted  from 
Scott,  1974(7] .) 
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6.5.3  EVALUATION  OF  RESULTS 

A very  significant  contribution  in  Scoit’s  article  to  an  under  standing  of  the  usefulness  of 
a computation  technique  - one  not  often  found  in  similar  descriptions  - is  an  assessment  of 
the  sensitivity  of  the  transmittance  to  changes  in  various  parameters  used  in  the  computation. 

The  sensitivities  included  in  the  articles  are  for  changes  in  r,  tl  ? number  of  atmospheric 
layers;  A,  the  number  of  points  in  the  wing  included  in  the  computation;  M,  the  ratio  of  the 
half-width  to  the  size  of  the  mesh;  and  different  values  of  the  Lorentz  half-width.  Also, 
plotted  are  the  arbitrary  computation  times  as  functions  of  r,  t (the  number  of  lines),  and  N 
(the  number  of  integration  points).  The  alleged  time  required  for  computation  of  r and  dr/ dz 
is  20  seconds  on  a CDC  6600  computer,  for  N = 5500,  r = 50  and  f = 200. 

As  is  true  with  all  techniques,  the  true  value  cannot  be  determined  without  a comparison 
with  real  results  from  experimental  measurements.  To  perform  this  evaluation  is  no  small 
feat  because  of  the  variety  of  parameters  and  the  difficulty  oi  achieving  reliable  physical  data. 

On  the  other  hand,  it  13  valid  to  compare  different  techniques  by  applying  identical,  if  artificial, 
data.  This  is  not  likely  to  happen,  however,  because,  except  in  certain  undocumented  cases, 
the  exchange  of  programs  is  presently  impractical. 

6.6  AN  INTERMEDIATE  METHOD  OF  TRANSMITTANCE  COMPUTATION 

The  technique  described  in  this  section  is  one  which  avoids  the  use  of  direct  integration 
over  the  lines  for  the  computation  of  atmospheric  transmittance;  yet  does  not  resort  to  the 
coarser  techniques  in  the  use  of  band  models.  It  is  included,  thus,  in  this  chapter  as  a sort  of 
transition  between  the  direct  method  and  the  band-model  method.  The  technique  is  described 
by  Arking  and  Grossman  (1972),  after  an  idea  treated  in  a 1939  Russian  paper  by  A.  I. 

Lebedinsky,  which  is  referenced  by  Kondratyev  [226].  The  basis  of  the  technique  is  that  the 
ordering  of  the  absorption  coeffict;  nt,  k,  with  respect  to  v is  unimportant  in  the  computation 
of  the  averager  over  a finite  spectral  Interval,  but  depends  only  on  distribution  of  k-values  within 
the  spectral  interval.  (Compare  the  quasi-random  model,  Section  7.2.) 

Use  of  the  so-called  k -distribution  function  avoids  the  need  for  direct  integration,  but  re- 
tains a limitation  in  that  it  requires  the  atmosphere  to  be  homogeneous,  wherein  the  absorption 
coefficient  is  independent  of  pressure  and  temperature.  The  inhomogeneous  atmosphere  can 
apparently  be  accommodated  but  with  an  increase  in  the  complexity  of  the  technique. 

6.6.1  DETERMINATION  OF  THE  DISTRIBUTION  FUNCTION 

Arking  and  Grossman  (1972)  write  the  average  transmittance  for  the  i-th  spectral  interval, 
in  the  following  form: 

728.  K.  Ya.  Kondratyev,  Radiation  in  the  Atmosphere,  Academic  Press,  N.  Y.,  1969. 
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r 

W2 

Ti(wr  w2>  % - v.  J exP 

-j  k(i>,  w)dw 

Vi 

_W1 

dy 


(256) 


Wj  ^ Wg,  are  the  amounts  of  absorber  (mass  per  unit  area),  respectively,  above  altitude  levels 
1 and  2.  If  the  distribution  function  for  k is  given  by  li^fk)  in  the  i-th  spectral  Interval,  then 
Eq.  (247)  Is  rewritten  as: 

CO 

Tj ( w i ) = J exp(-k(w2-’.’1'/h1(k)dk]  (257) 

0 

The  determination  of  the  distribution  function,  h(k),  can  be  obtained  in  the  following  manner. 

Imagine  a cut  across  the  spectrum  (See  Figure  55)  from  to  at  k,  of  height  dk.  The 

accompanying  value  of  di<  at  each  cut  is  given  by  dm,  where  ] varies  from  1 to  J,  the  total 

J J 

number  of  cuts.  The  total  frequency  interval  covered  by  the  cuts  is  V1  dm,  ar.d  this  value 

u 

divided  by  Idkl  is  the  frequency  interval  per  unit  k interval.  Dividing  this  quotient  by  v 2 - 
gives  the  fractional  interval  per  unit  k,  which  is  the  k-distribution  function.  Thus, 


h(k)  = 


1 wH  1 

-v  l_j  dk 
1=1  ' 


(258) 


When  this  value  is  used  in  Eq.  (248),  the  value  TjfWj,  w„)  in  Eq.  (247)  is  determined  with- 
out resorting  to  direct  integration.  Arkingand  Grossman  have  obtained  the  k-distribution  for  sev- 
eral cases  of  line  structure.  These  include  realistic  and  some  not-so-realistic  line  structures. 
Among  the  set  are  representations  of  square  and  triangular  lines,  and  Lorentz-  and  Doppler- 
shaped lines  in  a regular  band  structure.  The  reader  is  referred  to  the  original  article  (Arking 
and  Grossman,  1972)  for  the  descriptions.  As  an  example,  a regular  pattern  of  non-overlapping 
Lorentz  lines  is  chosen.  A characteristic  half-width,  a^,  defined  by  = ai/d  (=0/2*),  ls 
used  in  the  Lorentz  formula,  in  which  the  line  spacing  is  d and  the  center  frequency  of  a char- 
acteristic line  ls  taken  a3  zero.  Thus: 


h(v)  = 


K-,  for  0 Jus  d/2 

1+K(«LCd)l 

with  k2  as  the  peak  value  of  k(v),  given  by  S/jraL(,d.  Thus,  inverting  Eq.  (259)  we  have: 


(259) 


-D 


dk 


k2o 


k^(k2  - k) 


172",  for  ki  - K - k2 


(260) 


j=l 


with  kj  as  the  minimum  value  of  k given  as; 

k2  (261) 

1 =1+[1/(2«lc)12 

An  example  of  the  distribution  function  in  an  actual  gas  for  a portion  of  the  15  pm  COg 
band  between  675  and  715  cm'1  at  250  K and  three  different  pressures  is  shown  in  Figure  56. 
The  distribution  function  for  each  curve  in  (Fig.  56)  has  the  form  h(k)«k  n where  n is  0.75  for 
small  k and  1.5  for  large  k.  The  minimum  k is  proportional  to  Pj,  and  the  maximum  k in- 
versely proportional  to  p. 


f 

5 

! t 


figure  55.  schematic  for  determining  the  distribution 

FUNCTION,  h(k). 


FIGURE  56.  THE  1:- DISTRIBUTION  FUNCTION  FOR  THE  PORTION 
OF  THE  C02  15  Jim  BAND  FROM  675  TO  715  cm’1  AT  A TEMPER- 
ATURE OF  250  K AND  PRESSURES  OF  \ 0.1,  AND  0.01  atm.  It  is 
based  upon  Lorentz  profiles  with  a constant  half-width  of  0.08  cm'1 
times  the  pressure.  The  line  parameters  were  taken  from  Drayson 
and  Young,  1967.  (Reproduced  from  Arkir.g  and  Grossman,  1972  [10] .) 
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7 

ILLUSTRATIONS  OF  BAND  MODEL  METHODS 

7.1  STATISTICAL  MODEL  (ELLINGSON;  RODGERS  AND  WALSHAW;  GOLDMAN  AND 
KYLE) 

7.1.1  SPECIFICATION  OF  THE  MODELS 

The  model  used  by  Ellingson  (1972)  for  the  calculation  of  radiative  transfer  is  the  Goody 
random  model  (see  Section  5)  with  an  exponential  probability  distribution  of  line  intensities, 
which  gives,  retaining  some  of  Elllngson's  notation: 

(262) 


ta,  = exp 


-C1"'V  *C2F, 


.-1/21 


where  (see  Section  5) 


C 


1 - Av 


i = l 


(263) 


L 


(264) 


and  the  Lorentz  line  shape  is  implied.  These  expressions  are  similar  to  the  expressions  in 
the  earlier  work  of  Rodgers  and  Walshaw  (1966)  and  C2  obtained  from  the  work  by  Goody 
(1964).  The  definitions  of  terms  are  as  follows: 


w = absorber  amount 
P = Pressure  (atmospheres) 

Tq  = standard  temperature 

aL0  = *or  ^e  ^ne  one  atmosphere  pressure 

i 

n = number  of  lines  in  the  interval,  Av 

Elllngson’s  justification  for  the  use  of  the  statistical  model  is  the  success  achieved  by  other 
Investigators,  among  the  latest  being  the  models  of  Rodgers  and  Walshaw  (1966),  and 
Goldman  and  Kyle  (1968). 
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Goldman  and  Kyle,  using  the  line  parameter  data  of  Clough  and  KneizyB  (1965),  compare 
the  results  of  calculations  using  band  models  and  line-by-line  Integrations  of  the  9.6  pm  band 

of  O - and  the  2.7  pm  band  of  11,0  vapor.  The  calculations  of  Goldman  and  Kyle  employed  the 

3 i -1 
random  model,  with  an  exponential  probability  distribution  at  9.6  pm,  and  with  an  S line 

strength  distribution  at  2.7  pm.  The  comparative  accuracy  of  the  exponential  and  exponential - 

tailed  S*  band  models  are  shown  in  a series  of  figures  which  are  taken  from  the  report  by 

Goldman  and  Kyle  (1968).  The  band  parameters  were  calculated  as  shown  in  Section  5.  In 

Figure  57,  the  line-by-line  and  model  calculations  are  compared  for  the  9.6  pm  O,  band  with 

-1  J 
a spectral  resolution  of  1.0  cm  which  corresponds  in  the  line-by-line  calculation  to  a square 

slit  function,  and  to  which  is  attributed  the  jagged  nature  of  the  curves.  The  other  line  param- 
eters pertinent  to  Figure  57  are  as  follows:  the  line  half  width  is  (at  one  atm)  0.08  cm  , 
temperature  is  232  Y,  pressure  is  0.0197  atm,  and  path  length  is  24.47  cm.  The  line-by-line 
calculation  is  displaced  upward  by  20%  from  the  model  calculation.  Similar  compar'.i  .ms  are 
made  for  Og  with  a resolution  of  2.5  cm'*  and  for  two  different  absorber  conditions,  .amely 
(1)  pressure  = 0.0197  atm  with  path  = 24.47  cm  and  (2)  pressure  = 0.197  atm  and  pat/  = 2.447 
cm.  These  comparisons  are  shown  in  Figure  58.  In  Figure  59,  the  Intent  is  to  show  the  simi- 
larities between  the  band  models  using  the  exponential  and  the  exponential  -tailed  S*'  distribu- 
tions under  physical  conditions  which  are  the  same  as  those  for  Figure  58. 

Goldman  and  Kyle  ascertain  that  both  the  point  -by  -point  accuracy  of  the  curvet  and  the 
accuracy  Integrated  over  the  Og  band  are  good  (see  below),  especially  when  the  line-by-line 
calculation  is  compared  with  the  band  model  calculation  using  an  exponential  distribution. 

For  the  upper  curve  of  Figure  59,  the  integrated  absorption  foi  the  two  different  types  of 
distribution  compares  as  follows: 


I 


1068.7 


A(n)dn  = 


27.63  cm  , exponential  distribution 

-1 


995.9  26.32  cm  , exponential -tailed  S distribution; 

for  the  lower  curve  3 it  is 


I 


1068.7 


A(v)dl>  = 


49.99  cm  *,  exponential  distribution 


995.9  47.30  cm”*,  exponential -tailed  S*  distribution. 

Specli  cally,  they  claim  a disagreement  of  about  5%  in  each  of  these  cases,  whereas  the  band 
model  calculation  of  the  integrated  Intensity  with  an  exponential  distribution  agrees  to  within 
1%  of  that  obtained  in  the  line-by-line  method.  In  fact,  the  agreement  remains  good  for  all 
of  the  resolutions  used.  Goldman  and  Kyle  attribute  the  agreement,  at  lea^t  partially,  to  the 
high  density  of  lines  in  the  spectral  region.  Tables  by  Clough  and  Kneizys  (1965)  show  that  In 
a 1.6  cm'*  Interval,  anywhere  in  the  band,  there  are  from  about  twenty  to  fifty  lines. 
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®8-  S?flPAW30N  OF  absorption  spectrum  obtained  by  une-by-line 

CALCULATION,  CURVES  1,  AND  BY  THE  STATISTICAL  MODEL  CALCULATION 
CURVES  2,  FOR  THE  9.8  pm  OZONE  SAND  FOR  Av  * 2.5  cm'1,  of  n - 0.08  cm'*  atm'1 
and  T * 233  X;  P * 0.0197  atm  and  w = 24.47  cm  for  the  upper  two  curves  while  p * 0 197* 
atm  and  w - 2.447  cm  for  the  lower  two  curves.  The  llne-by-llne  calculations  are  dis- 
placed by  (Reproduced  from  Goldman  and  Kyle,  1968  [202].) 


^0  * 0.°8  cm  1 atm  h P = 0.0197  atm,  w - 24.47  cm  for  the  upp^r  Curves  a^d  pt 
0.197  atm,  w - 2.447  cmforthe  lower  two  curves.  Curves  1 are  ea:h  displaced  by  20%. 

(Reproduced  from  Goldman  and  Kyle,  1968  [1:02].)  7 “ 
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A similar  treatment  of  the  2.7  |im  band  of  HgO  vapor  by  Goldn.an  and  Kyle  yields  the 
curves  of  Figure  60.  The  temperature  of  the  HgO  vapor  was  taken  to  be  1200  K for  compari- 
son with  the  results  of  experimental  measurements  [227].  The  comparison  in  the  curves  of 
Figure  60,  however,  is  between  the  results  obtained  from  the  line-by-line  and  the  band  m.udcl 
calculations.  The  distribution  in  this  case  was  the  exponential -tailed  S”*,  which  the  authors 
claim  gave  better  agreement  than  the  exponential.  The  line  parameters  used  were  those  of 
Gates,  et  al.  (1964).  The  conditions  for  which  the  calculations  were  made  were:  temperature 
1200  K,  pressure  0.995  atm,  path  length  7.75  cm.  The  resolution  was  8 cm-1.  The  expres- 
sion for  the  half -width  used  in  the  calculations  is  a.  (1200  K,  1 atm)  = 1.275  a.  (300  K,  1 

Li  Li 

atm).  Calculation  of  the  integrated  band  strengths  gave: 


.4103.4 

| A(v)dv  = 

3153.8 


181.3  cm”*,  statistical  model 
180.8  cm”*,  line -by -line, 


showing  agreement  to  within  1%.  Comparison  with  the  laboratory  results  of  Burch  and 
Gryvnak  (1962),  however,  showed  a greater  disparity,  as  large  as  10%,  in  a point-to-point 

comparison.  New  values  for  the  2v,  (3150-3400  cm  *)  strength  of  Gates,  et  al.  have  been 

^ 3 3-1 

suggested  by  Burch,  et  ai.  [228] , indicating  an  increase  from  2.2  x 10  to  3.5  x 10  cm  /g 


Ellingson  cautiously  adopts  the  random  model  for  the  15  pm  band  of  COg  on  the  basis 
that  the  many  overtone,  hot  and  isotopic  tanc3  combine  to  "randomize"  the  otherwise  regular 
nature  of  the  region  which  contains  the  fundamental  band. 


7.1.2  SCALING  THE  PATH  QUANTITIES  (ELLINGSON;  RODGERS  AND  WALSHAW) 

In  allowing  for  the  non-homogeneous  nature  of  the  slant  path  through  which  the  radiance 
must  be  calculated,  he  uses  the  Curtis -C-odson  approximation  according  to  the  method  applied 
by  other  investigators  (e.g.,  Rodgers  and  Walshaw,  1966)  using  a quantity  of  absorber,  w, 
scaled  in  temperature,  and  a mean  pressure  P,  defined  respectively  by: 


w(z,  z')  = 


${T)  dw 


(265) 


and 


227.  D.  E.  Burch  and  D.  A.  Gryvnai,  Infrared  Radiation  Emitted  by  Hot  Gases  and  Its  Trans- 
mission Through  Synthetic  Atmospheres,  Report  No.  U-I929,  Phllco-Ford  Corporation, 
1962. 

228.  D.  E Burch,  D.  A.  Gryvnak  and  R.  R.  Patty,  Abc’rptlon  by  H^O  Between  2800  and  4500 
cm'1  (2.7  Micron  Region),  Report  No.  U -3202,  Fhllco-Eord  Corporation,  1965. 
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FIGURE  60.  COMPARISON  OF  TRANSMITTANCE  OBTAINED  BY  LINE-BY-LINE  CALCULATION, 
CURVE  1,  AND  BY  STATISTICAL  MODEL  CALCULATION,  CURVE  2,  FOR  THE  2.7  /it a HjO  BAND 
FOR  At/  «=  8 cm'\  Here  a^o  c 1-275  ot?o  >*■  307  K,  1 mtm,  T = 1200  K,  P <=  0.995  *tm,  and  w ■ 

7.75  cm.  The  lire-by-llne  calculation  fs  displaced  by  20%.  (Reproduced  from  Goldman  and  Kyle, 

1968  [202].) 
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Hz,  T')  = 


X(T)Pdw 


(266) 


where 


dw  = p^dz/fi,  and  (P  is  in  atmospheres) 
'f's  (T) 

««-F- 

2JW 

1=1 


(26?) 


(268) 


and 


X(T) 


n f 1/2 

JjSi^LQ  (T)  ■ 

t=r  1 

iWu  ,<to>}1  * 
t=r  1 J 


(269) 


As  did  Rodgers  and  Walshaw  (1966),  Ellingson  used  an  interpolative  function  for  determining 
4>(T)  and  x(T),  namely: 


*(T)  = exp  ja(T  - TQ)  + b(T  - TQ)2J 


(270) 


and 


X(T)  = exp  ja’(T  - TQ)  ♦ b’(T  - TQ)2J  (271) 

The  values  of  a,  b,  a'  and  b'  were  determined  from  a fit  of  discrete  values  as  obtained  by 
Eqs.  (268)  and  (269).  A check  of  this  Interpolation  procedure  showed  it  to  give  sufficiently 
representative  values  of  the  variables,  within  5%  of  the  results  of  exact  calculations. 

The  compilation  of  Benedict  and  Calfee  (1967)  in  the  region  between  1000  and  2014  cm”1 
was  used  to  calculate  the  average  band  strengths  which  were  applied  to  Eqs.  (270)  and  (271) 
for  these  vibration-rotation  HgO  vapor  lines.  The  line  strengths  and  widths  were  calculated 
for  the  temperatures  220,  260,  and  300  K and  the  summations  performed  for  use  in  Eqs.  (268) 
and  (269).  The  value  of  Tg  = 260  was  used  In  the  calculation  of  the  constants  a,  b,  a'  and  b'  in 
Eqs.  (270)  and  (271).  Figure  61  depicts  the  functions  4>  and  x for  6 different  Intervals  in  the 
region  between  1000  and  2014  cm  1,  the  6.3  (s m band  of  HjO  vapor.  Where  Isothermal  condi- 
tions would  be  assumed  the  values  of  4>  and  x would  be  fixed  at  unity.  For  the  rotational  K-0 

it 
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vapor  band  the  unpublished  data  of  Benedict  and  Kaplan  (tabulated  by  Goody,  1954)  were  used 
in  the  model  formulated  by  Ellingson  on  fie  lines  out  to  640  cm  From  this  point  to  the  re- 
gion where  the  6.3  )im  bard  absorbs  exc.  lively,  the  rotational  band  and  the  vibration- 
rotation  band  of  6.3  pm  were  combined  and  the  lines  submitted  to  Eqs.  (270)  and  (271).  Al- 
ternatively, spectral  data  supplied  by  AFCRL  were  used  in  the  600-800  cm  * region  where 
greater  resolution  of  parameters  was  required. 

For  ozone,  the  data  of  Clough  anti  Kr.eizys  (1905)  were  used  in  the  spectral  region  960  to 
1180  cm"1  (9.6  pm  band).  Unpublished  data  were  used  for  the  14  pm  band.  The  temperature 
range  for  the  calculation  of  4>  and  x was  195  to  275  K to  correspond  to  the  temperature  range 
important  in  the  stratosphere  to  ozone.  The  value  of  T^  was  taken  to  be  235  K.  Calculated 
values  of  4>  and  x for  the  9.6  pm  band  of  ozone  are  shown  in  Figure  62.  The  constant  value 
0.07  was  used  for  the  ozone  half -width,  as  it  was  by  Goldman  and  Kyle  (1968). 

The  positions  and  strengths  of  lines  tabulated  by  Drayson  and  Young  (1967)  for  CO,  in  the 

-1  " 
region  between  503  and  860  cm  were  used  to  calculate  the  necessary  parameters  at  temper- 
atures of  175,  200,  225,  250,  275  and  300  K.  The  weak  lines  in  these  tables  below  520  cm-1 
and  above  840  cm*1  were  neglected.  It  is  to  be  noted  here,  incidentally,  that  the3e  parameters 
have  been  upgraded  in  a more  recent  publication, Drayson  (1973).  The  Increase  in  reliability, 
however,  is  not  sufficient  to  result  in  any  significant  changes  in  the  results  computed  by 
Ellingson.  A constant  half -width  value  of  0.102  cm*1  was  used  for  the  calculation  of  4>  and  x. 
The  six  temperatures  listed  above  were  used  to  obtain  a best  fit  to  the  data,  with  Tq  = 250  K. 
Values  corresponding  to  the  indicated  band  of  COg  for  4>  and  X are  shown  in  Figure  63. 

7.1.3  MODEL  FOR  CHj  AND  NjO  (ELLINGSON) 

Ellingson  apparently  had  no  data  available  at  the  time  of  his  investigation  on  the  7.7  pm 

band  of  methane  and  the  7.8  pm  band  of  N,0.  He  resorted  to  the  use  of  an  earlier  popular 

I z 

empirical  model  [229]  given  in  the  form: 

t=  exp  - (CjWp)’1  (272) 

with  17  = 0.46  for  CH4  and  »?  = 0.48  for  NgO,  as  determined  by  Green,  et  al.  for  the  7.8  pm 
band.  Compare  the  expression  in  Eq.  (272)  with  that  given  by  Green,  et  al.,  to  wit: 

1 

r = exp  - (w’/w/ 
where,  for  a fixed  temperature, 


229.  A.  E.  S.  Green,  C.  Llndenmeyer  and  M.  Grlgpj,  "Molecular  Absorption  In  Planetary 
Atmosphere,"  J.  Gcophyo.  Res.,  Vol.  69,  No.  3,  19R4,  pp.  493-Sfl. 
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M 1000  - I003CIU-* 
B 1010  • 1013 
C 1020  - 1023 
D 1030  - 1033 
E 1043  - 1030 
F 1070  - 1073 


T(°K) 


FIGURE  62.  THE  TEMPERATURE  DEPENDENCE  OF  <J>  AND 
X FOR  SOME  INTERVALS  IN  THE  9.6  urn  OZONE  BAND 
(Reproduced  from  Ellingson,  1972  [11]  .) 


CARBON  DIOXIDE  BAND.  (Reproduced  from  Ellingson,1972[  11]  .) 
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w*  = w(P  JP) 

C D 


Pe  = P + (B  - l)pa 


In  the  usual  way.  Elllngson  effects  ccnsistency  with  this  formula  by  calculating  w and  P 
(Eqs.  (265)  and  (266))  with  4>  and  x equal  to  unity.  The  graphical  results  of  Green,  et  al. 
were  used  to  compute  Cj  for  the  particular  model  and  resolution  set  by  Elllngson. 

7.1.4  SPECIALIZATION  TO  HIGH  ALTITUDE  (ELL1NGSON) 

It  has  been  emphasized  that  the  Lorentz  profile  inadequately  represents  the  proper  con- 
ditions above  those  altitudes  for  which  the  Doppler  profile  dominates.  Ellingson's  model  is 
accurate  for  upweUing  radiation  only  to  30  km,  since  he  assumes  the  validity  of  the  Lorentz 
line  shape,  stating,  however,  that  this  does  not  seriously  limit  the  accuracy  of  the  calculation 
of  the  down -welling  radiation;  and  suggesting  a method  (Gille  and  Elllngson,  [230])  for  correct- 
ing the  atmospheric  transmittance  by  making  a correction  to  that  calculation  using  the  Lorentz 
line  shape.  Thus,  for  the  mixed  Doppler-Lorentz,  or  Voigt,  profile  equivalent  to  the  trans- 
mittance using  only  Lorentz,  the  expression  is: 

tv  = (273) 

where  = transmittance  using  the  Lorer.tz  shape 
rv  * transmittance  using  the  Voigt  shape 


C = Ay/7 


where  Ay  = mean  absorption  of  a line  with  Voigt  shape 

Al  = mean  absorption  of  a line  with  Lorentz  shape 

By  defining: 
h = 2al/aD 


C„whV5T 


230.  1.  C.  GUle  and  R.  G.  Elllngson,  "Correction  of  Random  Exponential  Band  Tranamlsflona 
for  Doppler  Effects,"  Appl.  Opt.,  Vcl.  7,  No.  3,  19b8,  pp.  471-474. 
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and  using  these  expressions,  Gille  and  Elllngson  obtain  an  expression  (see  Gille  and  Elllngson, 
1968): 

C = C(H,  h)  = [l(H,  h)(2^0  + D1/2]/ UQh  (276) 

in  which  = SqW^2 na^  (see  Eq.  (181),  Section  5),  and  I(H,  h)  is  deduced  from  the  line 
properties. 

Thus,  for  the  downwelling  radiation  from  space  in  which  the  Doppler  effect  predominates, 
by  neglecting  variations  in  temperature,  the  non -homogeneous  parameters  w and  P,  Eqs.  (265) 
and  (266)  can  be  calculated  for  a variation  in  height  from  some  arbitrary  level  to  space,  set- 
ting <&(T)  and  x(T)  equal  to  unity.  Using  the  hydrostatic  equation: 

dP  = -gp„ dz 
a 

the  values  of  w and  P are  obtained  as  follows: 

_ f®  f°°  f®  dP> 

w=J  dw  = j pgdz'=J  M(z')padz' = -J^M(P')^- 

where  p^  = density  of  the  absorbing  gas 
p = density  of  air 

n 

M(z)=  mixing  ratio,  assumed  to  be  constant 
g = acceleration  of  gravity 


P M(z)P(z) 

where  P(z)  = is  in  atmospheres 

P = pressure  at  one  atmosphere 

s 


P = if°P(z)dw  = =pP(z)p  dz'  = *•!■[  M(z)P(z)-^|- 
w j7  wj_  g wJp  g 


P-P& 
r 2 
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The  parameters  h and  H for  the  non -homogeneous  case  then  become: 


h 


LO 


P(z) 


(279) 


and 


P 

-j^M(z)P(z) 


(280) 


All  of  the  quantities  In  these  equ;  *lons  are  easily  obtained  except  for  the  value  Cg  which  must 
be  calculated  from  Eq.  J264).  Having  obtained  the  values  h and  H,  the  value  C is  obtained 
from  the  values  tabulated  by  Gille  ana  Elllngson  (1968).  Table  26  shows  the  values  used  to 
provide  corrections  tabulated  In  Table  27. 


7.1.5  ELUNGSON'S  57-  AND  100-INTERVAL  MODELS 

Elllngson  (1972)  presents  two  models,  one  derived  from  the  specification  of  57  different 
spectral  Intervals  over  which  calculations  are  made  in  the  spectral  region  from  0 - 2814  cm’ 
(see  Table  28);  and  the  other  derived  from  the  specification  of  100  spectral  Intervals  to  make 
up  for  deficiencies  caused  by  the  coarseness  of  the  57 -interval  model.  The  100 -Interval 
model  resulted  from  a need  to  reproduce  the  effect  of  the  detailed  structure  of  the  band  cen- 
ters at  9.6  pm  for  Og  and  15  pm  for  COg.  The  early  data  of  Drayson  and  Young  (1967)  for 
COj  are  delineated  In  15  regions  as  shown  in  Table  24.  The  region  ortween  600  and  800  cm  * 
was  divided  Into  33  intervals  as  demonstrated  In  Table  29.  Thus,  the  Q-branches  of  the  most 
Intense  bands  (numbers  1-4  In  Table  24)  are  concentrated  in  intervals  numbered  19,  29,  and 
39.  The  widths  of  these  Intervals  are  small,  whereas  the  widths  of  other  intervals  not  con- 
taining strong  Q-branch  lines  are  larger  and,  as  Ellingson  points  out,  could  be  larger  still 
without  greatly  affecting  the  average  transmittance  at  those  frequencies.  The  same  ntervals 
given  In  Table  29  are  used  for  Og,  but  for  HgO,  which  has  fewer  lines  in  the  600-800  cm"' 
region,  coarser  Intervals  were  used  as  shown  In  Table  30.  When  using  the  transmittance  cal- 
culated from  values  In  these  Intervals,  the  values  for  CO^  and  Og  were  summed  to  yield  an 
average  value  over  the  larger  interval. 

Finally,  the  Og  spectrum  9.6  pm  was  divided  more  finely  than  th?  HgO  spectrum  In  the 
region  between  1000  and  1 1 PC  cm-1  as  shown  In  Table  31.  No  attempt  was  made,  however,  to 
concentrate  the  Q-branch  In  a small  interval  as  was  done  for  CO?.  Taking  the  3um  of  all  the 
intervals,  It  is  noted  that  the  100-lnterval  model  is  made  up  of  the  following: 


AX  = 0-600  cm’1 

in  15  intervals 

from  Tabic  28 

AX  = 600-000  cm"' 

In  33  intervals 

from  Table  29 

AX  = 300-1000  cm"1 

In  5 Intervals 

from  Table  28 
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TABLE  28.  SUMMARY  OF  PARAMETERS  NECESSARY  TO  CALCULATE 
APPROXIMATE  CORRECTIONS  OF  THE  TRANSMISSION  FUNCTION  FOR 
DOPPLER  EFFECTS.  (From  Ellingson,  1972  [ ilj  .) 


"0 

aL0 

aD0 

M(z) 

C2 

Gas 

cm'* 

cm-* 

cm  * 

gm/gm 

H 

h 

Water 

vapor 

400 

0.1 

6.89  x 1C'4 

2.0  x 10'6 

ID3 

3.65  x 10b 

145.4 

Ozone 

1040 

0.07 

1.09  x 10'3 

10'5 

105 

1.17  x 103 

63.9 

Car  ben 
dioxide 

667 

0.102 

7.33  x 10'4 

4.84  x 10'4 

7.6  x 103 

9.38  x ’05 

139.0 

TABLE  27.  APPROXIMATE  CORRECTION  FACTORS  FOR 
THE  RANDOM  EXPONENTLTL  BAND  MODEL  FOR  DOPPLER 
EFFECTS.  (From  Ellingson,  1972  [ 11]  .) 


Correction  Factor 


Altitude 

(km) 

Pressure 

(mb) 

P 

h2° 

°3 

C°2 

30 

12.0 

0.011800 

1.0004 

1.002 

1.0000 

35 

5.8 

0.005700 

1.0010 

1.014 

1.0004 

40 

2.9 

0.002800 

1.0090 

1.044 

1.0030 

45 

1.5 

0.001480 

1.0220 

1.136 

1.0130 

50 

0.8 

0.000789 

1.0940 

1.500 

1.0480 

60 

0.2 

0.000197 

1.8000 

4.000 

1.4500 

TABLE  28.  WIDTHS  OF  SPECTRAL  INTERVALS 
FOR  THE  57  INTERVAL  MODEL.  (From  Ellingson, 
1972  [ 11 J .) 

Interval  No. 

Range  (cm  4) 

Width  (cm-1) 

1 - 29 

0 - 1160 

40 

30  - 31 

1160  - 1200 

20 

32  - 56 

1200  - 2200 

40 

57 

2200  - 2814 

614 
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TABLE  29.  FINE  SCALE  DIVISIONS  OF  THE  15  nm 
CARBON  DIOXIDE  BANDS  FROM  600  TO  600  crn‘1. 
(From  Llllngson,  1972  [11]  .) 


Interval  No. 

Range  (cm*1) 

Width  (cm*1) 

16  - 17 

600.0  - 610.0 

5.0 

18 

610.0  - 615.5 

5.5 

19 

615.5  - 618.1 

2.6 

20 

618.1  - 625.0 

6.9 

21  - 27 

625.0  - 660.0 

5.0 

28 

660.0  - 665.5 

5.5 

29 

665.5  - 668.2 

2.7 

30 

668.2  - 675.0 

6.8 

31  - 37 

675.0  - 710.0 

5.0 

38 

710.0  - 718.0 

8.0 

39 

718.0  - 721.0 

3.0 

40 

721.0  - 730.0 

9.0 

41  - 46 

730.0  - 760.0 

5.0 

47  - 48 

760.0  - 800. 0 

20.0 

TABLE  80.  SPECTRAL  INTERVALS  USED  FOR  WATER 
VAPOR  IN  THE  600  TO  800  cm*1.  (From  Ellingaon, 

1972  [11] .) 

Interval  No.  Range  (cm"1) 


17 

600.0  - 610.0 

20 

610.0  - 625.0 

23 

625.0  - 640.0 

25 

640.0  - 650.0 

27 

650.0  - 660.0 

29 

660.0  - 668.2 

31 

668.2  - 680.0 

35 

680.0  - 700.0 

37 

700.0  - 710.0 

39 

710.0  - 721.0 

42 

721.0  - 740.0 

46 

740.0  - 760.0 

47 

760.0  - 780.0 

48 

780.0  - 800.0 
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AX  = 1000-1180  cm"*  In  20  intervals  from  Table  31 

AX  = 1180-2814  cni~*  in  27  intervals  from  Table  28 

7.1.6  TRANSMITTANCE  IN  THE  CONTINUUM  REGION 

The  local  HgO  vapor  lines  are  accounted  for  in  the  model,  as  shown  in  Table  32,  which 
also  shows  the  spectral  regions  of  pertinence  to  the  other  gases,  as  well  as  a comparison 
with  the  analogous  constituents  in  the  work  of  Rodgers  and  Walshaw  (1966).  For  the  continuum 
region,  in  which  the  absorptance  is  caused  by  the  wings  of  distant  lines,  Ellingson  uses  the 
empirical  formula: 

r = exp  (-k  w P + k w p)  (281) 

w c e r 

where  k and  kg  are  mean  values  of  the  foreign-  and  self -broadening  coefficient.  The  value 
p is  the  weighted  partial  pressure  of  HgO  vapor,  analogous  to  P,  so  that: 


7.1.7  CALCULATIONS  OF  HEATING  RATES  (ELLINGSON;  RODGERS  AND  WALSHAW) 

Ellingson  applies  the  mathematical  model,  formulated  through  the  above  considerations, 
to  the  calculation  of  the  radiative  heating  rate  as  a function  of  height  in  the  atmosphere.  The 
approach  he  takes,  both  in  the  formulation  of  a transmittance  model  and  in  the  application  to 
the  calculation  of  heating  rates  is  quite  similar  in  many  respects  to  the  Investigation  by 
Rodgers  and  Walshaw  (1966);  so  much  so  that,  excluding  results  and  the  finer  details,  the 
work  by  Ellingson  will  be  considered  essentially  representative  in  a first  approximation  to 
that  of  Rodgers  and  Walshaw.  The  fine  details  of  the  latter  investigation,  therefore  are  cited 
only  by  reference.  Calculation  of  the  heating  rate  requires  a knowledge  of  the  upwelling  and 
downwelllng  flux  density  at  any  point,  and  is  given  as  the  derivative  of  the  net  flux: 
dM  (z) 

M'(z)  = (282) 

where: 

Mn(z)  =MT(z)  -M*(z)  (283) 

is  the  net  flux  density  at  z.  The  radiative  transfer  equation  is  set  up  in  such  a way  as  to  sim- 
plify the  computation  Involving  derivatives  of  the  transm!*.tance  function  as  much  as  possible. 
Retaining  some  of  Ellingson 's  nomenclature,  the  more-or-less  orthodox  method  of  represent- 
ing the  radiance  at  z in  a direction  p is  given  by: 
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TABLE  31.  FINE  SCALE  DIVISIONS  OF  THE  SPECTRUM 
BETWEEN  1000  TO  1180  cm'*.  (From  Ellingson.  1972  [11] .) 


Width  (cm"1) 

Interval  No. 

Os 

H2O 

Range 

54  - 57 

5 

20 

1000  - 1020 

58  - 61 

5 

20 

1020  - 1040 

62  - 65 

5 

20 

1040  - 1060 

66  - 69 

5 

20 

1060  - 1080 

70 

20 

20 

1080  - 1100 

71 

20 

20 

1100  - 1120 

72 

40 

40 

1120  - 1160 

r*  n 

20 

20 

1160  - 1180 

TABLE  32.  A COMPARISON  OF  THE  SPECTRAL  CHARACTER- 
ISTICS OF  THE  RODGERS  AND  WALSHAW  (1966)  AND  100- 
INTERVAL  MODELS.  The  Rodgers  and  Walshaw  and  100-interval 


models  are  denoted  RW  and  100,  respectively 

1972  [11]V) 

. (From  Ellingson 

f 

Active 

gas 

Frequency 

range 

Number  of 
spectral  intervals 

Type  of 
spectral  data 

Model 

Water 

0 - 1000 

10 

Theoretical 

RW 

vapor 

34 

Theoretical 

ICO 

1000  - 1200 

1 

Empirical 

RW 

9 

Theoretical  and 
laboratory 

100 

1200  - 2200 

9 

Laboratory 

RW 

25 

Theoretical 

100 

22C0  - 2814 

1 

Theoretical 

100 

Carbon 

582  -752 

1 

Theoretical 

RW 

dioxide 

520  - 840 

36 

Theoretical 

100 

Ozone 

610  -800 

31 

Theoretical 

100 

960  - 1180 

21 

Theoretical 

100 

Methane 

1200  - 1400 

5 

Laboratory 

Nitrous 

oxide 

1280  - 1400 

3 

Laboratory 

lk; 
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L^(v,  z,  +m)  = L*(y,  Q)t{p,  0,  +n)  + J L*(y,  dz' 


(284) 


for  the  upweillog  radiance  (see  Section  2),  where  L*( y,  0)  is  the  Planck  function  representing 
the  surface,  and  the  emissivity  of  the  surface  is  assumed  to  be  unity.  The  downwelling  ra- 
diance is  given  by: 


L y,  z,  -M)  . -f° l/(v,  z')dT(^zZ>--^).  dz’ 

" T 

By  integrating  over  the  spectral  Interval,  Ay,  Eq.  (284)  becomes: 

La v(v,  z,  +p)  = — j M*(y,  0)t(v,  0,  +p)  * J 


dT»  Jl'i  *’»  +m)  \ 

— dz’ 


(285) 


(286) 


and  similarly  for  the  downwelling  radiance.  Implicit  in  Eq.  (286)  are  the  statements: 

M*  = irL*  (287) 


z’*  »*> = &L 


r(v,  z',  p)dy 


(288) 


Ay 


with  ta  the  band  model  calculations  of  transmittance  in  the  different  spectral  regions,  for 
the  different  gases.  It  is  to  be  noted  in  all  of  the  above  equations  ti.at  t(v,  arg,  . . .)  denotes 
transmittance  between  the  level  z and  that  shown  in  the  argument  (arg).  The  derivative  of  the 
transmittance  In  Eqs.  (284)  and  (285)  can  be  removed  in  an  integration  by  parts,  and  the  up- 
welling  and  downwelling  flux  densities  evolve  respectively  as: 


M*(z)  = 'M*(z)  - JZfAl/(v,  z')^Q^dz'  - rAv(v,  0)[M*(0)  - M(0)] 


and 


M*(z)  = M*(z)  + J TtA|/( y,  z’)^-) dz*  - zt)M(zt) 

* 7 


(289) 


(290) 


where  Zj,  is  the  top  of  the  atmosphere.  Note  that  an  allowance  is  made,  as  it  is  by  Rodgers 
and  Walshaw  (1966),  for  a discontinuity  at  the  surface,  as  indicated  by  the  term  [M*(0)  - 
M(0)],  between  the  surface  and  the  atmosphere  above  the  surface.  A similar  terra  could  have 
been  Included  for  radiation  coming  in  from  above  the  ai-nocphere,  as  it  is  by  Rodgers  and 
Walshaw.  In  Eqs.  (289)  and  (290)  the  value  of  r integrated  over  zenith  angles  is  given  by: 


TAy 


A[/(v,  z';  p)pdM 


(291) 
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The  heating  rate  is  thus  given  by: 

x dr.  (v,  0)  dT.  (y,  z_) 

= -[M»  -M(0)]  — ^ M(zt)— ^ T 


dz 


r 

Jo 


[ZdT  Au(v,  Z')  dM(z 

+ 1 — di dl7 


^dz'  + J 


z^LV{v'  z>) 


dz 


dM(z') 

dz' 


dz’ 


(292) 


All  that  Is  needed,  therefore,  to  calculate  spectral  radiance  are  the  Inputs  to  Eqs.  (284) 
and  (285)  (or  their  equivalent  as  represented  by  Eq.  (286)),  which  requires  a knowledge  of  the 
Planck  function  or  Its  derivative,  and  the  transmittance  function  or  Its  derivative.  Similarly, 
from  Eq.  (282),  the  heating  rate  Is  calculated  using  the  same  function.  As  was  shown  pre- 
viously, the  transmittance  Is  analytically  expressed  In  terms  of  the  Goody  model  (Eq.  (262)), 
the  Bignell  model  for  HgO  continuum  (Eq.  (281)),  or  the  Green,  et  al.  model  for  CH^  and  N,,0 
(Eq.  (272)).  The  derivatives  of  these  expressions  are  fairly  straightforward,  yielding  from 
the  expression: 


dr^v,  z';  p)  dr^v,  z'l  m) 


dz 


dw 


dw 

dz 


(293) 


where  dw/dz  = p ^p  for  the  slant  path.  Since  t ^ is  Implicitly  a function  of  w and  P,  the 


derivative  of  can  be  expressed  as: 


z';  ~*l) 
dw 


3ta y d^+  aT^z'jp)  ^ 

dw  dw  dp  dw 


(294) 


with 


£=*<*> 


(295) 


and 


l(x(z)P(z)  - 4>(z)P) 
dw  w 

Differentiation  of  the  expressions  for  r ^ from  the  three  models  then  yields: 


(296) 


1.  Goody  Model 


dTAt<(v,  z';  p) 
dw 


/ wV3/2/  C,w  (z)P(z)\ 

= ^(z)T^,z-;p)(lrC2|j 


(297) 
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2.  HgO  Continuum 


dr.Jv,  z';  p)  _ / . 

- = -P(z)x(z)t  Av{v,  s';  p)(k,  + ke^ 


dw 


■ -V(z)taJ,v,  z';  jx)(kc  - kepj^y)  tor  X(z)  = 1,  l.e.,  T = const.  (298) 


3.  CH4  and  NgO 
d tAv{v,  n) 

dw 


ZTTh7!  -1 


;3nP(z)x(z)rA()(i/,  z'j  jiKCgwP) 


= -C3>lP(z)r4^,  z';  ji)(C3wP)’,_1  for  x(T)  « 1 (299) 

In  order  to  perform  the  calculation,  Ellingson  derives  an  expression  for  the  spectral 
Planck  function  integrated  over  5 cm~*  Intervals  for  14  temperatures  spaced  apart  by  10  K 
from  180  K to  310  K.  A fifth  order  polynomial  was  fitted  to  the  resultant  values  and  the  final 
expression  is: 

5 i 

M(T)=Y\rl(T  - 260)1  (300) 

1=0 


Integration  over  the  variable  p Is  avoided  by  using  the  well-known  diffusivity  factor  of 
Elsasser  [231],  given  as  r = 1.667. 

Elllngson 's  physical  model  was  a plane -parallel  atmosphere  made  up  of  100  levels  for 
computation.  The  calculation  of  radiance,  and  hence  fluxes  and  cooling  rates,  then  amounts 
to  the  integration  over  a series  of  layers,  represented  In  general  by: 


z>)jM{z3 

dz' 


dz' 


where  the  integration  is  made  to  some  prescribed  level  z^,  and  is  carried  out  in  Gaussian 
quadrature  for  N(=2)  as: 


Vi  - z\m 


uT  hi  h 


(301) 


The  W's  are  the  Gaussian  weights  and  the  h^'s  are  the  values  in  the  Gaussian  formula  cor- 
responding to  specified  altitudes,  calculated  from: 


231.  W.  M.  Elsasser,  Heat  Transfer  by  Infrared  Radiation  in  the  Ahaosphero,  Report  No.  6, 
Harvard  University,  Cambridge,  i942. 
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Z.  + 2.  t 

h =-i~J±l 

i 2 


+ .zi±ll!i 
2 


(302) 


where  the  are  the  Gaussian  nodes.  The  values  of  the  atmospheric  parameters  used  as  In- 
put to  the  calculations  are  obtained  from  radiosonde  measurements  of  temperature,  pressure 
and  humidity.  In  Elling3on'c  work  the  z^'s  are  actually  calculated  as  scale  heights,  Hj,  given 
as  H s -f  nP.  His  method  of  the  specification  of  atmospheric  parameters  is  not  treated  in 
this  section.  Integrations  were  made  over  a series  of  99  layers  in  the  atmosphere  from  the 
surface  to  60  km.  Details  of  the  structure  are  shown  in  Table  33.  The  limit  of  60  km  was 
imposed  for  the  purpose  of  making  comparisons  with  satellite  data. 


In  comparing  his  results  with  measured  data,  Ellingson  averaged  spectral  radiance 
values  from  Nimbus  3 data  ever  an  interval  of  20  cm'*  or  less.  His  calculated  values  were 
averaged  by  a square  slit  function.  The  comparisons  are  shown  as  histograms  in  Figure  64. 
Tables  34  and  35  tabulate  comparative  values  and  show  some  of  the  statistics  related  to  these 
comparisons. 


7.2  USE  OF  THE  QUASI-RANDOM  MODEL  (KUNDE,  HAURWITZ) 

Kunde  (1967b)  has  applied  the  quasi -random  model  to  the  radiative  transfer  equation  for 
thermal  radiation  superceded  later  by  the  direct  integration  method  (Kunde  and  Maguire, 
1973)  as  described  in  Section  6.  The  method  is  described  in  detail  by  Wyatt,  Stull  and  Plass 
(1962a)  for  the  H20  molecule,  and  by  Stull,  Wyatt  and  Plass  (1963)  far  the  C02  molecule, 
which  references  must  be  consulted  for  an  in-depth  understanding  of  the  procedure.  For  the 
reader  who  wants  only  peripheral  information,  a short  description  is  given  here,  as  applied 
by  Kunde  to  H„0  and  CO„. 

4.  Z 

In  accordance  with  Goody's  (1964)  development,  the  average  value  of  transmittance  in  the 
range  -l/2Nd  to  +l/2Nd  for  the  random  model  is: 


if 


+1/2N 


- i=l 

T 


1/2N 


(dv,/d)  exp  (-wk^j) 


I/W 


N ,+ 

^J-1/2N 


(dv/d) 


One  objection  to  the  use  of  the  random  model  is  that  the  distribution  of  lines  over  the  width 
considered  for  Ay  = Nd  Is  not  actually  random,  nor  is  the  interval  of  integration  infinitely 
wide,  an  approximation  which  had  to  be  assumed  as  a necessary  manipulation  of  the  expres- 
sion. Thus,  for  any  chosen  Interval,  the  effect  of  lines  outside  the  Interval  is  not  accounted 
for.  The  non -randomness  of  the  lines,  furthermore,  causes  different  effects  depending  on 
how  the  line;  actually  became  arranged.  If  they  were  actually  more  regular  than  randomness 
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TABLE  33.  THE  SPACINSS  OF  THE  LEVELS  OF  COMPUTATION 
IN  THE  RADIATIVE  TRANSFER  MODEL.  (From  Elhngson,  1972  [11] .) 


Altitude  range  (km) 


Thickness  of  layers  (km) 


WAVE  NUMBER 


(a)  June  1,  1S69 


FIGURE  64.  THE  IRIS  OBSERVED  AND  100-INTERVAL  MODEL  CALCULATED  SPECTRALLY 
AVFRAGED  SPECIFIC  INTENSITIES.  The  smooth  curves  give  values  of  the  Planck  function 
for  the  Indicated  temperatures.  (Reproduced  from  EUingeon,1972  ( llj .) 


SPECIFIC  INTENSITY  (erg*  /*ec-em- sterodion) 


200  400  600  800  1000 

WAVE  NUMBER  (cm-') 
(c)  June  4,  1069 


1200 


1400 


1600  1600 


FIGURE  64.  THE  IRIS  OBSERVED  AND  100-INTERVAL  MODEL  CAT  ELATED  SPECTRALLY 
AVERAGED  S PECIFIC  INTENSITIES.  The  smooth  curves  give  valur.:j  of  the  Planck  function 
for  the  Indicated  temperatures.  (Reproduced  from  Ellingson,  1972  [11].)  (Continued) 
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TABLE  34.  PERCENT  DIFFERENCES  BETWEEN  OBSERVED  AND  CALCULATED 
UPWARD  INTENSITIES  FOR  THE  FIVE  COMPARISONS.  (From  Ellingson,  1972  [11].) 


Frequency 

range 

(cm'i) 

1 

Percent  di lYerence  from  observed 
Comparison  number 

2 3 1. 

5 

LOO-LLO 

-2.38 

-2.68 

- .33 

-3.10 

-2.19 

It  1)0-1)60 

-1.89 

-1.8S 

-1.1)1) 

-1) . 16 

-1).1)2 

1)80-520 

- .90 

.77 

- .92 

-2.33 

-3.12 

520-560 

1.53 

2.90 

.53 

- .61) 

-1.85 

560-600 

.33 

1.33 

- .20 

-1.U6 

-2.01) 

600-61)0 

5-52 

5.98 

1).1)0 

3.51 

1).  36 

6U0-660 

3.60 

lt.37 

3.15 

1.69 

1).00 

660-680 

3.39 

l).86 

3.1)5 

2.81 

l).98 

680-700 

6.65 

8.23 

1* . 7L 

l).55 

8.23 

700-71)0 

2.6? 

3.58 

2.06 

.78 

2.21 

71*0-760 

- .58 

.33 

- .10 

- .96 

-1.80 

760-780 

1.33 

1.25 

. -11 

-1.1)1) 

-1>.28 

780-800 

.1)7 

.29 

-1.39 

-2.58 

-6.11 

800-81)0 

1.72 

1.87 

.61 

- .82 

-l).U 

81)0-880 

1.69 

1.2!) 

.82 

- .51 

-3.83 

880-920 

2.32 

1.53 

2.25 

.1)9 

-2.1)5 

920-960 

2.6L 

.91 

2.78 

.97 

-2.05 

960-1000 

3.22 

1.1)0 

3.20 

1.39 

- .65 

1000-101)0 

-U.66 

-6.99 

-3.1)6 

-5.25 

-5.70 

101)0-1080 

-3.30 

-6.36 

-2.3I) 

-3,93 

-1).10 

1080-1120 

3.38 

.53 

2.51 

.78 

-1.57 

1120-1160 

.80 

).l)5 

1.51 

.12 

-1.19 

H6O-II80 

1.82 

.60 

1.72 

1.92 

-2.52 

1180-1200 

3.25 

3.59 

1.68 

1.69 

-2.55 

1200-121)0 

2.37 

2.28 

3.1)0 

.91 

1.87 

121)0-1230 

1.36 

5,31) 

3.82 

-1,81 

-3.16 

1280-1320 

1.8l 

1.03 

1.59 

-1).38 

-7.1)7 

1320-1360 

.63 

1).92 

10.06 

-1.1*8 

-10.23 

1360-11)00 

-19.02 

-10.32 

16.81 

-15.23 

-18.20 

Totals 

1)00-11)00 

.81 

.90 

1.12 

- .85 

-2  26 
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TABLE  35.  SOME  STATISTICS  ON  THE  OBSERVED  AND  CALCULATED  UPWARD 
INTENSITIES.  (From  Ellingson,  1972  [11].) 


Frequency 

range 

(cn-i) 

Mean  intensity 
(ergs  cm-lsec-* 
steradian”1) 
Observed  Calculated 

Percent 

difference 

Standard  deviation 
(ergs  co“l  sec"* 
ateradian-1) 
Observed  Calculated 

liOO- It  Uo 

97.03 

9>*. 96 

-2.il* 

2.08 

2.01 

1*1*0-1*80 

103.15 

100. C2 

-3.01* 

1.96 

2.13 

-.80-520 

110.20 

103.77 

-1.30 

1.75 

2.1*2 

520-560 

116.91 

117.1*9 

.“*9 

1.62 

2.96 

560-600 

107-17 

106.75 

- .39 

1.23 

2.’  1* 

6oo-6i*o 

75.73 

79.33 

lt.76 

.1*0 

.67 

61*0-660 

1*6. 1.2 

1.7.98 

3.36 

.19 

.35 

660-660 

>*8.59 

50.1*9 

3.89 

.28 

.29 

680-700 

1*3.59 

1*6. 1*0 

6.1*7 

.53 

VJ9 

700-71*0 

7l*.  1*9 

76*17 

2.26 

.50 

.72 

71*0-760 

101.79 

101.16 

- .62 

.75 

1.01 

760-780 

117.91* 

117.29 

- .55 

1.21 

2.81* 

78O-80O 

115.02 

112.87 

-1.97 

1.12 

2.88 

800-81*0 

116.75 

116.56 

- .16 

1.31* 

2 62 

8U0-880 

111.67 

111.53 

- .13 

1.32 

2.1*1 

880-920 

106.30 

107.18 

.32 

1.50 

2.11 

920-960 

100.06 

101.10 

l.Olt 

1.68 

1.93 

960-1000 

51-72 

93.28 

1.(0 

1-5** 

1.71 

1000-101*0 

61*.  3<* 

60.98 

-5.23 

1.57 

1.02 

10UO-1080 

61.85 

59.38 

-1*  .03 

1.78 

1.11 

1080-1120 

71.68 

72.1*8 

1.12 

1.1(1* 

1.66 

1120-1160 

61*.  80 

65.15 

• 51* 

1.28 

1.66 

1160-1180 

58.52 

58.9!* 

.71 

1.19 

1.73 

1180-1200 

55.57 

56.1*1* 

1.58 

.57 

1.68 

1200-121*0 

>*9.59 

50.66 

2.16 

1.00 

•93 

121*0-1260 

31.89 

32.23 

1.07 

.88 

1.05 

1280-1320 

22.82 

22. 1*7 

-1.51 

.51 

.95 

1320-1360 

20.81 

20.92 

.50 

1.21*  j 

1.05 

1360-11.00 

1>*.59 

13.03 

-10.6U 

2.03  1 

.82 

Totals 

1 

i 

>*00-11*00 

76.29 

76.25 

- .05 

.93 

l.W 
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would  imply,  then  the  assumption  of  randomness  would  incorrectly  accentuate  overlap.  On 
the  other  hand,  there  are  cases  where  the  clumping  of  lines  occurs,  for  which  absorption  is 
complete  on'  / in  the  region  of  the  clump.  An  assumed  random  distribution  of  these  same 
strong  lines  oiten  causes  the  calculation  to  yield  erroneously  high  absorption. 

The  quasi-random  model  obviates  these  discrepancies  to  a large  extent  (Wyatt,  Stull  and 
Plass,  1962).  By  making  the  Interval  Nd(=An)  considerably  smaller,  sav  5,  the  randomness 
of  the  distribution  of  lines  within  0 is  more  likely  to  be  a reality.  The  Interval  can,  of  course, 
no  longer  be  considered  infinitely  wide,  nor  can  the  number  of  lines  be  counted  as  infinitely 
great.  Thus,  no  simple  approximation  to  the  integral  can  be  made.  The  sub -Intervals,  6r, 
are  all  part  of  the  larger  Interval,  Lv,  and  each  of  the  sub -intervals,  contains  nf  lines 
with  centers  at  1^(1  =1,2,...,  nr).  In  analogy  with  the  random  model,  therefore,  the  aver- 
age transmittance  at  the  frequency  (taken  for  convenience  at  the  center  of  the  Interval)  le : 

nr 

r T(v)  = -fTTj  exp  [-k(v,  di/j  (303) 

A 1=1  °r 


as  shown  in  Section  5.  Wyatt,  et  al.  (1962)  ascertain  that  Eq.  (303)  corresponds  to  the  aver- 
age transmittance  over  the  interval,  6r,  inasmuch  as  it  represents  the  average  of  the  permuta- 
tions of  nr  positions  of  the  spectral  lines  in  the  Interval. 

In  accordance  with  Eq.  (190)  in  Section  5, 


exp  [-SjWb(^, 


(304) 


Thus,  in  the  calculation  for  r , the  direct  contribution,  i.e.,  the  contribution  from  those  lines 
in  the  Interval  containing  v,  occurs  for  J = r.  The  wing  contributions  occur  for  all  of  the  re- 
maining intervals  in  which  j * r. 

Essentially,  except  for  the  complexity  of  the  calculation,  Eq.  (304)  represents  the  average 
transmittance  at  v due  to  a chosen  molecule  for  which  the  line  parameters  are  known.  Wyatt, 
Stull  and  Plass  showed  schematically,  however,  that  the  arbitrary  choice  of  a boundary  be- 
tween two  intervals  '.an  cause  unnatural  differences  in  the  average  transmittance  between  the 
two  intervals.  They  proceeded  to  offset  this  error  by  merely  calculating  the  transmittance 
for  the  given  Interval,  and  for  the  interval  shifted  to  either  side  of  the  given  interval.  The 
shift  was  equal  to  one-half  the  size  of  the  interval.  The  transmittance  was  weighted  accord- 
ingly. Thus  the  calculations  involved  a set  of  unshifted  intervals,  and  a set  of  shifted  in- 
tervals, 0®,  yielding: 
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where  the  superscripts  u and  s refer  respectively  to  the  unshifted  and  shifted  set  of  Intervals, 
or  meshes. 

The  basis  for  the  calculation  is  the  integral  in  Eq.  (304),  which  is  the  average  transmit- 
tance due  to  the  line  simulated  in  the  1-th  decade  for  the  j-th  interval.  If  the  Lorentz  shape 
is  assumed,  the  expression: 

5/  exp  (-SjWbfr,  t-^)]  d^ 


yields 


r 1 

r 2.  1 

1 exp 

-P 

. ,2  2 

J-l 

J€  - V)  * P J 

T p)  = 


where 

p -•  2 «L/S 

i)  = 2y/6 
t = 2z/6 

y = i't  - e0  - «/2 

z = v - vn  - C/2 


dr? 


(306) 


and  the  interval  over  which  the  integration  is  performed  has  the  bounds  («/q,  Pq,  + C).  The 
reader  is  referred  to  the  report  by  Wyatt,  Stull  and  Plass  (1962)  for  a delineation  of  the 
analytical  solution  to  Eq.  (306).  Young  [232]  has  demonstrated  an  expression  analogous  to 
Eq.  (306)  for  the  Doppler  line  chape: 


f 

exp 


Ti(e)  = z 


which  is  given  by: 
r+l 


S^w(ln  2) 


1/2 


I7T 


exp  - 


(y  - i/j)  I n 2) 


dr. 


Tllv)  - 2 


if 

2J-l 


exp 


dr? 


(307) 


where: 


232.  C.  Young,  A Study  of  the  Influence  of  Carbon  Dioxide  on  Infrared  Radiative  Transfer  In 
the  Stratosphere  and  Mesosphere,  Report  No.  04682-1-T,  University  of  Michigan,  Ann 
Arbor,  1964. 
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r =!^(in2) 

M «D\  IT  / 


1/2 


0'  = 


2«D(fn  2) 


1/2 


Considering  the  complexity  of  the  analytical  form  of  the  expression  for  the  Lorentz 
shape,  and  the  lack  of  an  expression  in  analytical  form  for  the  Doppler  and  mixed  shapes, 
Young  designed  a numerical  technique  using  Legendre -Gauss  quadrature  for  evaluating 
Eqs.  (306)  and  (307).  He  did  so  by  dividing  the  integration  interval  into  seven  sub-intervals 
comprising: 

y = 0.0,  0.001,  0.005,  0.01,  0.05,  0.1,  0.5,  1.0 

and  applying  the  seven -po.nt  quadrature  formula.  Young  claims  to  have  obtained  the  same 
values  for  Eq.  (306)  as  Wyatt,  et  al.  obtained  using  the  analytical  technique.  Kunde  (1967b) 
used  Young’s  technique  in  his  theoretical  computations  of  outgoing  infrared  radiance,  except 
that  he  applied  the  eight -point  Instead  of  the  seven-point  quadrature  formula.  He  claims  to 
have  obtained  agreement  with  the  values  derived  from  the  analytical  form  to  within  six  sig- 
nificant figures.  He  also  showed  (see  Table  36)  that  the  assumption  by  Wyatt,  et  al.  (1962), 
in  which  they  evaluate  the  average  transmittance  at  the  center  of  the  interval  in  the  direct 
case  as  representative  of  the  average  value  in  the  interval,  is  Invalid  when  the  average  trans- 
mittance at  the  center  is  compared  with  that  at  the  lower  boundary  of  the  interval.  He  sug- 
gests, however,  that  the  averaging  by  shifted  meshea  helps  validate  the  assumption. 

The  evaluation  of  t'ie  contributions  of  the  wings  of  llneB  outside  the  interval  is  simpler 

than  that  of  the  direct  contribution,  but  is  still  complicated,  especially  by  the  fact  that,  as 

suggested  in  other  work  [233] , the  simple  Lorentz  line  shape  must  be  modified  (see  Section  4). 

2 2 

Since,  for  the  wing  contribution,  the  approximation  a « (i>  - t^)  can  be  made,  the  expres- 
sion for  the  wing  effect  becomes  (for  the  unmodified  line): 


i r 1 r a ~ 

r*  ?Le‘pl>vj 


dr? 


and  (for  the  Benedict-modified  line): 


f+1 

Ft(u)  = !j 


exp  - 


A^p2  exp  - {a(6/2)b|e 
(e  - »?)2 


(308) 


(309) 


2SS.  W.  S.  Benedict,  et  al.,  "The  Strengths,  Widths,  and  Shapes  of  Lines  In  the  Vibration- 
Rotation  Bands  of  CO,”  Aetrophys.  J.,  Vol.  1S5,  No.  1,  pp.  277-297. 
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TABLE  36.  AVERAGE  TRANSMITTANCE  AT  CENTER  AND  BOUND- 
ARY OF  SUBINTERVAL  6.  (From  Wyatt,  et  alM  1962b  [195]  .) 


p2*i 

JP 

t^c) 

t^o) 

0.001 

0.05 

0.3724 

0.9860 

0.01 

0.05 
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where  a = 0.0675 
b = 0.7 

A is  a constant  which  makes  the  unmodified  and  modified  forms  continuous  at  I v - vj  =6. 
The  above  are  the  values  of  the  constants  suggested  by  Wyatt,  et  al.  The  values  suggested  by 
Winters,  et  al.  (1964)  are:  a = 0.08  and  b - 0.8.  Unlike  Wyatt,  et  al.,  who  assume  an  average 
transmittance  in  the  Interval  equal  to  the  transmittance  at  the  center  of  the  interval  (obtaining 

r(n)  = t (n){  ] t (n),  with  the  first  and  second  terms  respectively  the  direct  and  the  wing 
"i  l=j  "i 

contributions),  Kunde  applied  8-point  Legendre -Gauss  quadrature  over  the  interval  tj  = -1  to 
r]  = +1  in  Eqs.  (308)  and  (309).  Differences  are  evident  between  the  values  calculated  by  the 
two  different  methods,  especially  for  the  interval  adjacent  to  the  one  in  which  the  transmit- 
tance is  obtained. 


Contributions  to  a given  frequency  from  the  wings  extend  infinitely  far  on  both  sides,  so 

that  some  criterion  is  used  to  determine  the  points  in  the  wings  beyond  which  the  calculations 

ar2  terminated.  These  points  coincide  with  the  values  +€.,  and  -e,.  for  which  the  transmit- 

M M 

tance  t{v)  = 0.999.  Using  only  the  strongest  intensity  decade,  the  transmittance  at  v can  be 
written 


where  5 and  n correspond  to  the  strongest  decade.  Setting  t(i/)  equal  to  0.999  and  calculating 
2 

for  c j^j  (see  Kunde,  1967),  the  result  is 


cM  = const-P-w 


This  expression  is  valid  for  the  unmodified  Lorentz  line.  An  analogous  expression  can  be  ob- 
tained for  the  modified  line. 

— •’1* 

Values  for  ^(^Pq'^LO^  and  for  n have  been  tabulated  for  5 cm  unshlfted  and  shifted 

meshes  for  HpO  vapor  at  300,  250  and  200  K between  1000  and  10,000  cm-1  (Wyatt,  et  al., 
1962).  In  the  same  report,  the  values  of  transmittance  were  calculated  for  different  condi- 
tions. A list  of  these  conditions  is  given  in  Table  37.  Similar  expressions  have  been  calcu- 
lated for  COp  between  500  and  10,000  cm’^  (Stull,  Wyatt  and  Plass,  i963).  Table  37  also  lists 

the  transmission  calculations  that  were  made  for  CO„  by  the  same  authors.  The  reader  is 

| * 

referred  to  the  original  reports  for  the  mammoth  Bets  of  tables  from  which  the  determinations 


* -1 

Note  that  5 cm  is  too  large  for  some  regions,  e.g.,  near  Q-branches.  Hence,  the  cal- 


culated absorption  is  too  large. 
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TABLE  37.  HOMOGENEOUS  PATHS 
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of  atmospheric  transmittance  can  be  made.  In  consideration  of  the  recent  set  of  line  param- 
eters available  (McClatchey,  et  al.,  1973),  it  may  be  more  accurate  for  one  to  compile  his  own 
set  of  data,  which  would  be  a lengthy  but  relatively  uncomplicated  task  using  the  procedure 
which  is  well  detailed  by  Wyatt  et  al.  (1962).  The  tables  of  transmittance  compiled  by  Wyatt, 
Stull  and  Piass,  and  categor'zed  in  Table  37  has  been  available,  apparently,  from  the  authors 
on  tape,  as  stated  in  their  report,  and  Indeed  was  made  available  to  Kunde  for  his  calculations. 
Whether  it  is  still  available  some  7 years  after  Kunde's  published  results,  has  not  been 
ascertained. 

Using  the  recent  AFCRL  data  one  may  generate  a set  of  £q  and  n values  similar  to  those 
by  Wyatt,  et  al.  using  the  procedure  delineated  in  their  report,  namely: 

(1)  [This  step  pertains  to  the  determination  of  the  line  parameters] 

"(2)  On  the  basts  of  (1),  the  Integrated  intensities  of  all  contributing  vibration-rotation 
lines  were  calculated  systematically. 

"(3)  As  the  Intensity  and  frequency  of  each  line  was  generated,  the  line  was  assigned  to 
the  frequency  interval  spanning  it. 

"(4)  Once  assigned  to  an  interval,  a given  line  was  then  grouped  according  to  the  intensity 
decade  into  which  it  fell.  Within  a particular  decade  a running  count  was  made  of  the  number 
of  lines  placed  therein.  Also  retained  was  a net  sum  of  the  intensities  of  all  those  lines 
placed  in  each  decade.  If  a line  was  generated  with  an  intensity  more  than  eight  orders  of 
magnitude  below  the  strongest  line  already  placed  in  the  g«ven  frequency  Interval,  it  was  ig- 
nored. On  the  other  hand,  ‘ stronger  lines  were  subsequently  generated,  the  data  for  weaker 
lines  was  dropped  when  they  occurred  in  Intensity  groups  which  were  more  than  four  groups 
below  the  most  intense.  In  6hort,  either  the  top  five  strongest  groups  were  retained,  or  only 
enough  groups  to  span  eight  orders  of  magnitude.  The  latter  choice  resulted  in  less  than  five 
groups  when  the  lines  in  that  portion  of  the  spectrum  were  very  weak. 

"(5)  The  coefficients  were  then  calculated  for  each  frequency  Interval  by  dividing  the 
uk 

intensity  sums  by  the  nu:  \ber  of  contributing  lines  and  thence  dividing  the  resulting  average 
strengths  by  jra^.  For  HgO,  the  value  a ^ = 0.10  cm"*  was  used. 

’’Once  the  coefficients  L.  and  n.  were  generated,  the  effective  transmissions  were  cal- 
Tc  K 

culated  at  frequencies  corresponding  to  the  centers  of  the  chosen  frequency  interval  of  width 
5 cm"*.  Sequentially,  the  coefficients  for  various  combination  of  the  pressure*  and  amounts 

*It  should  be  mentioned  that  the  term  pressure  is  used  here  in  the  sense  of  Howard, 

Burch  and  Williams,  viz  for  water  vapor  the  effective  broadening  pressure  is  equal  to  the 
sum  of  the  total  pressure  plus  5.3  times  the  partial  water  vapor  pressure. 
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of  absorbing  gas  were  calculated  (^  = ^ w/P).  From  each  of  these  sets  the  effective  trans- 
missions were  calculated  as  follows: 

"(1)  All  the  transmissions  were  set  equal  to  unity. 

"(2)  Starting  uith  the  lowest  frequency  interval,  the  direct  contributions  to  the  transmis- 
sions were  calculated  at  the  center  of  the  interval  for  each  intensity  group  contained  therein. 
These  were  then  multiplied  together  and  thence  by  the  factor  1 Initially  set.  Hence,  the  re- 
sulting transmission  represented  the  direct  contrioutions  from  the  five  intensity  groups 

-fi 

which  represent  all  lines  having  an  intensity  within  10  of  the  strongest  line  in  the  frequency 
interval. 

"(3)  Subsequent  to  the  calculation  of  the  direct  contributions,  the  coefficients  were  used 
to  calculate  the  wing  contributions  to  the  transmissions  al  the  center  of  the  interval  of  inter- 
est. The  wing  contributions  from  lines  at  both  lover  and  higher  frequencies  were  considered. 
The  calculation  was  made  for  the  Lorentz  line  shape  and,  in  the  cat.’  of  CC^,  for  the  Benedict 
modification.  Thus,  as  any  contribution  to  the  transmission  at  a given  frequency  was  gener- 
ated (be  their  origin  direct  or  wing),  its  value  was  multiplied  into  those  previously  calculated 
at  that  frequency. 

"(4)  The  wing  calculations  were  carried  out  at  frequencies  faither  and  farther  from  the 
chosen  interval  until  their  contributions  to  the  transmissions  exceeded  0.999." 

As  was  done  in  the  original  work,  one  must  calculate  transmittauces  for  special  cases 
(see  Table  37)  and  interpolate  for  those  other  cases  pertinent  to  his  own  problem.  Of  course, 
the  Curtls-Godson  approximation  can  be  used  for  the  calculation  of  slant -path  conditions,  as 
it  can  in  the  calculations  performed  by  other  techniques.  The  interpolation  technique  formu- 
lated by  Wyatt,  et  al.  (1962)  is  reproduced  as  follows: 

"The  simplest  analytical  procedure  is  that  consisting  of  logarithmic  Interpolation  be- 
tween non-zero  values  of  the  absorption  A.  Express  the  absorption  in  the  form 

A - . - r - e-,<P’T'w> 

where  f is  usually  a complicated  function  of  pressure  (P),  temperature  (T),  and  absorber 
amount  (w).  At  points  where  one  or  both  of  the  tabular  values  of  r are  identically  equal  to 
unity,  linear  interpolation  on  r provides  more  than  sufficient  accuracy.  Otherwise,  it  is  far 
more  accurate  to  Interpolate  f(P,  T,  w).  This  is  true  because  the  main  part  of  the  functional 
dependence  of  the  absorption  on  P,  T,  and  w is  usually  represented  by  the  exponential  factor. 
As  only  three  significant  figures  are  given  in  the  tables,  a first  order  interpolation  generally 
provides  sufficient  accuracy.  It  should  be  noted  that  the  entries  for  varying  pressure  and 
path  length  are  given  in  terms  of  values  that  are  nearly  equidistant  when  plotted  on  a logarith- 
mic scale  (e.g.,  1.0,  0.5,  0.2,  0.1,  0.05,  . . .), 
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"From  the  above  equation  one  has 
f(P,  T,  w)  = -InA 


When  the  absorptanoe  at  constant  P is  plotted  against  w on  a log-log  graph,  the  resulting 
curve  has  only  a small  curvature  and  displays  long  linear  sections.  Similar  remarks  apply 
to  an  absorptance  curve  at  constant  w plotted  against  P.  For  these  reasons,  the  most  accurate 
interpolation  is  obtained  by  taking  equal  logarithmic  intervals  for  P and  w so  that 


where  x = InP  and  y = Inw.  Thus, 

f(P  + AP,  T + AT,  w + Aw)  = f(P,  T,  w)  + Af 
and 

T(P  + AP,  T + AT,  w + Aw)  = 1 - A(P  + AP,  T + AT,  w + Aw)  = 1 - exp  - (f  + Af) 


"The  following  examples  Illustrate  the  method  described  above. 


a) 


Given:  P = 1 atm,  T = 300  K 

at  w = 0.1,  r = 0.583,  A = 0.417 
at  w = 0.2,  r = 0.439,  A = 0.561 

Find:  at  w = 0.17  for  P = 1 atm,  T = 300  K 

Procedure:  A(0.1)  = 0.417;  f(0.1)  = 0.3747 

A(0.2)  = 0.561;  f(0.2)  = 0.5780 
f n(0.1)  = -2.3026 
f n(0.17)  = 1.7720 
!n(0.2)  = -1.6094 


M = aIf7T^5A(fnw) 


0.5780  - 0.8747 
-1.6094  + 2.3026 


(-1.7720  + 2.3026) 


-0.2967 
= 0.6932 


0.5306  = -0.2271 


Therefore:  f = f(0.1)  + Af  = 0.8747  - 0.2271  = 0.6476 

t(0.17)  = 1 - e'0,6476  = 0.477 

b)  Given:  P = 1 atm,  T = 300  K 

at  w = 2.0,  r = 0.648,  A = 0.352 
at  w = 5.0,  r = 0.425,  A = 0.575 
P = 0.5  atm,  T = 300  K 
at  w = 2.0,  r = 0.715,  A = 0.285 
at  w = 5.0,  r = 0.545,  A = 0.455 

Find:  t(P,  w)  at  w = 3.2,  P = 0.75,  T = 300  K 

Procedure:  A(l,  2.0)  = 0.352;  f = 1.0441 

Ml,  5-0)  = 0.575;  f = 0.5534 
A(0.5  , 2.0)  = 0.285;  f = 1.2553 
A(0.5,  5.0)  = 0.455;  f = 0.7875 
f n(2.0)  = 0.6931;  f n(1.0)  = 0.0000 


i 
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f n(3.2)  = 1.1631;  fn{0.75)  = -0.2877 
i n(5.0)  = 1.6094;  fn(0.5)  - -0.6931 


M = an^A(fnw)  + a(f7^AUnP) 

0,5534  - 1.0441  ,,  a cqqi\ 

_ 1.8C94  - 0.6931  11,1631  ‘°-6931) 


1.2553  - 1.0441  . 

-0.6931  + 0.0000l^^°'° 


= -0.251.7  + 0.0877  = -0.1640 

Therefore:  f(0.75,  3.2)  = f(l,  2.0)  + Af  = 1.0441  - 0.1640  = 0.8801 
t(0.?5,  3.2)  = 1 - e"0,8801  = 0.585." 


It  is  pertinent  to  include  here  ? description  of  Kunde's  method  for  the  calculation  of  at- 
mospheric transmittance  using  the  quasi -random  model.  He  broke  the  spectral  range  into 
intervals  of  5 cm  * and  used  this  as  the  value  of  0,  which  then  determined  the  limit  of  resolu- 
tion of  his  calculated  values.  This  allowed  him  to  consult  directly  the  values  in  the  reports 
(Wyatt,  Stull  and  Plass,  1962;  Stull,  Wyatt  and  PI iss,  1963),  for  which  the  intervals  chosen 
were  5 cm”1.  Quoting  from  Kunde  (i967b),  the  following  explanation  is  given. 


"The  transmittances  are  evaluated,  considering  the  integrated  absorption  coefficients  to 
be  at  an  isothermal  temperature  along  the  atmospheric  slant  path.  The  isothermal  tempera- 
ture which  best  represents  the  temperature  variation  along  the  slant  path  must  be  chosen 
from  200  and  300  K for  COg  and  from  200,  250  and  300  K for  ^O.  With  the  optical  path 
length,  the  isothermal  temperature  and  the  average  effective  pressure  known,  the  quasi- 
random transmittance  can  then  be  evaluated. 


"The  quasi-random  transmittances  for  a given  temperature,  pressure,  and  optical  path 

length  are  calculated  as  follows.  To  insure  that  the  contributions  of  all  lines  are  taken  into 

account,  all  intervals  from  v,  - v.,  to  v-  + must  be  considered,  (v,  is  the  center  of  the 

cm  r m i 

starting  interval,  o;  Vp  is  the  center  of  the  final  interval,  e.)  For  the  above  intervals,  the 
coefficients  and  rjj,  corresponding  to  temperature  Tj  for  both  the  unshifted  and  shifted 

meshes,  are  read  from  magnetic  tape  and  put  in  core  storage.  The  direct  contribution  is  then 
computed  for  each  5 cm"1  interval  from  Vj  to  Vp  using  the  numerical  quadrature  of  Eq.  (306). 
Next,  the  wing  contribution  is  computed  starting  with  the  interval  at  Vj  - and  subsequently 
considering  all  intervals  until  the  Interval  is  reached.  For  a given  interval,  the 

associated  coefficients  were  used  to  calculate  the  wing  contribution  to  the  transmittances  at 
the  center  of  all  the  other  intervals  from  Vj  to  j/p.  The  wing  contrlt  .tion  was  computed  for 
higher  and  lower  wave  numbers  until  the  contribution  exceeded  0.999.  In  each  Interval  of 
Interest,  the  wing  contribution  was  multiplied  into  the  values  previously  calculated.  When  the 
computation  of  the  wing  contribution  was  completed,  the  direct  and  wing  contribution  for  each 
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interval  of  interest  were  multiplied  together.  The  same  procedure  was  then  used  for  the 
shifted  mesh.  The  quasi-random  transmittance  is  then  obtained  by  averaging  the  transmit  - 
tances  of  the  unshifted  and  shifted  meshes  according  io  Eq.  (305).  The  transmittances  are 
computed  for  each  wave  number  range  of  interest  starting  with  the  level  in  the  matrix  repre- 
senting the  ground,  and  subsequently  evaluating  the  transmittances  for  each  level  in  the  ma- 
trix until  the  top  of  the  atmosphere  is  reached.  The  output  of  the  calculation  consists  of  a 
height  vs  transmittance  matrix  for  each  5 cm  * interval.  This  data  is  put  on  magnetic  tape  to 
serve  as  input  data  for  one  third  section  of  the  program." 

Kunde  calculated  t^u)  using  the  quasi -random  model  on  the  mixed  line  shape  (see  Sec- 
tion 4)  applying  8-point  Legendre -Gauss  quadrature  to  the  seven  sub-intervals  introduced 
earlier  in  this  section,  for  pressures  less  than  100  mb  and  distances  from  the  line  center  of 
less  than  2.5  cm-1.  A comparison  of  the  average  transmittance  as  obtained  with  the  Lorentz 
line  with  that  obtained  for  a mixed  line  is  shown  in  Table  38. 

Comparisons  are  made  of  the  results  of  the  quasi-random  mcdel  with  experimental  re- 
sults and  with  the  results  of  other  methods  by  a number  of  investigators.  Figures  65  and  66 
make  such  a comparison  in  the  2.7  and  6.3  pm  bands  of  HjO  vapor  with  the  experimental  re- 
sults of  Burch,  et  al.  [234]  for  transmittance  averaged  ever  20  cm'1.  Figure  67  shows  COj 
comparisons  with  the  experimental  results  of  Burch,  Gryvnak  and  Williams  [235]  in  three 
spectral  regions.  Although  there  tends  to  be  an  overestimate  of  CO,,  absorption  in  the  Q- 
branches,  the  comparison  on  C02  is  fairly  good;  on  HgO  vapor  it  is  relatively  poor  in  certain 
regions.  Kunde  compared  his  calculated  results  with  those  of  Burch,  et  al.  (1962)  for  the 
6.3  pm  band  of  HgO  vapor.  The  results  are  shown  in  Table  39  for  an  integration  between 
1250  and  1590  cm-1  and  between  1500  and  2100  cm  1.  When  the  disparity  between  calculated 
and  experimental  values  was  observed  to  be  large,  the  calculation  was  repeated,  and  the  half- 
width  changed,  by  trial  and  error,  from  0.10  to  0.16  (for  1250-1590  cm  *)  and  0.115  cm-1  (for 
1590-2100  cm’1).  The  integrated  absorptunces  in  the  15  pm  band  of  '"’0,,  were  also  compared 
and  the  results  are  shown  in  Table  40.  Here  the  values  are  compared  with  those  of  Young 
(1964)  as  well  as  with  experiment. 

Young  made  comparisons  of  his  own  from  the  quaBl-random  model,  but  using  his  line 
parameter  data.  Some  examples  of  the  spectral  differences  are  shown  for  the  15  pm  band  of 
CO,  in  Figure  68.  The  calculated  values  are  presented  as  histograms,  representing  values 
of  transmittance  averaged  over  5 cm  . Young  asserts  that  the  quas1 -random  model  tends  to 


23-}.  D.  E.  Burch,  D.  A.  Gryvnak  and  E.  B.  Singleton,  et  al.,  Absorption  by  Carbon  Dioxide, 
Water  Vapor,  and  Minor  Atmospheric  Const! tuento,  Report  No.  AFCRL  62-293,  Ohio 
State  University,  Columbus,  1962. 

235.  D.  E.  Burch,  D.  A.  Gryvnak  and  D.  Williams,  Science  Report  No.  2,  AF  19(604) -2633, 
Ohio  State  University,  Columbus,  January  1961. 
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TABLE  38.  QUASI-RANDOM  TRANSMITTANCE  FOR  LORENTi.  LINE  SHAPE 


WAVE  NUMBER,  CM"' 


FIGURE  66.  ABSORPTANCE  OF  6.3  nm  BAND.  {Reproduced  from  Wyatt,  et  al, 

1962a  [15].) 


•Mt  MM*,  ct.'1 

(a)  15  Mm  Band 


FIGURE  67.  COMPARISON  OF  THEORETICAL  RESULTS  WITH 
THE  EXPERIMENTAL  MEASURE  MENTS  OF  BURCH.  GRYVNAK 
AND  WILLIAMS.  (Reproduced  Lom  Stull,  et  al.,  1963  [ 16]  .) 
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(b)  4.3  Mm  Band 
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FIGURE  67.  COMPARISON  OF  THEORETICAL  RESULTS  WITH 
THE  EXPERIMENTAL  MEASUREMENTS  OF  BURCH,  GRYVNAK 
AND  WILLIAMS.  (Reproduced  from  Stull,  et  al„  1963  ( 16J .) 
(Continued) 
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FIGURE  67.  COMPARISON  OF  THEORETICAL  RESULTS  WITH 
THE  EXPERIMENTAL  MEASUREMENTS  OF  BURCH,  GRYVNAK 
AND  WILLIAMS.  (Reproduced  from  Stull,  et  al„  1963  [ 16] .) 
(Concluded) 
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Freauei 


Pressur 
Tmp  = 3 
w =3.14 


FIGURE  68.  CALCULATED  AND  E 
VS  FREQUENCY  FOR  DIFFERENT 
(Reproduced  fr< 


Transmissivity 
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Pressure-  = 0.52  mb 
Temperature  = 300°K 
w =■  0.53  atm  cm 


FIGURE  68.  CALCULATED  AND  EXPERIMENTAL  TRANSMISSIVITIES 
VS  FREQUENCY  FOR  DIFFERENT  PRESSURES  AND  OPTICAL  MASSES. 
(Reproduced  from  Young,  1964  [232]  .)  (Concluded) 
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underestimate  the  transmittance  of  the  Q-branches  because  the  lines  are  grouped  closely  and 
are  neither  uniformly  nor  randomly  distributed  over  the  averaging  interval.  Also,  the  lines 
are  more-or-less  evenly  spaced,  a fact  which  tends  to  underestimate  the  transmittance  from 
the  contribution  due  to  the  wings  of  the  lines  outside  of  the  averaging  interval.  The  latter 
effect,  being  dependent  on  pressure,  tends  to  diminish  with  decreasing  pressure. 

Haurwitz  (1972)  calculated  transmittances  and  infrared  radiative  fluxes  in  the  following 
spectral  regions  using  the  quasi -random  model: 

HgO  (pure  rotation  band  and  6.3  p m oand)  - using  line -parameter  data  from  Benedict 
and  Calfee  (1967)  and  Benedict  and  Kaplan  [see,  e.g.,  Goody  (19D4),  p.  184].  The  calculations 
were  made  for  200  and  300  K.  The  subintervals,  chosenfor  the  calculation  were:  0-220,  220- 
440,  440-800,  800-lis50,  1250-1420,  1420-1590,  1590-1845,  1845  -2100,  and  2100-2450  cm'1. 

COg  (15  p m band)  - using  the  line  parameter  data  of  Drayson  (see,  e.g.,  Drayson,  1967). 
The  band  was  divided  into  6 subintervals.  Because  of  its  density  of  lines,  the  Q-branch  was 
isolated  and  treated  separately. 


Haurwitz  has  evaluated  each  half  of  the  integral 


rl 

2,2  1 

r 1/2 

r 2,2 1 

P * 

2 2 

r 1 

r 2,2"] 

a . j. 

2 2 

f exp 

. P j 
2 2 

d77  = exp 

dr?  + exp 

'0 

L v +p  j 

J0 

_ n + p _ 

•'1/2 

.V  +P_ 

using  Simpson's  rule, 

|V)dx  = f(a)  ♦ 4t(4^)  ♦ f(b)J 

[Note  that  he  considers  the  transmittance  at  the  center  of  the  interval  to  represent 
the  average  value  over  the  interval.] 

Each  half  is  again  divided  and  the  resulting  integrals  evaluated  as  before.  This  procedure  is 

fl 

repeated  until  the  sum  of  the  two  new  integrals  differs  by  less  than  10  from  the  value  of 
the  preceding  integral.  Haurwitz  claims  that  the  procedure  assures  him  an  accuracy  of  four 
significant  figures.  Since  this  a time  consuming  process,  he  evaluates  the  integral  for  a fix^d 
number  of  values  of  ^ and  p within  the  range  of  his  calculation.  He  calculates  intermediate 
values,  corresponding  to  parameters  expected  in  a real  situation,  using  the  interpolation  pro- 
cedure of  Wyatt,  et  al.  (1962)  described  above.  Incidentally,  a check  of  the  interpolation  pro- 
cedure with  values  calculated  by  quadrature  allegedly  demonstrated  the  realization  of  a pos- 
sible accuracy  of  four  figures  using  the  interpolation  technique. 

A comparison  of  Haurwltz's  results  with  the  results  of  lurch,  et  al.  (1962)  for  the  6.3  pm 
band  of  HgO  vapor  is  shown  in  Table  41.  In  the  table  are  shown  the  percentage  differences 
between  theoretical  and  experimental  results  for  a variety  of  (Curtis -Godson)  pressures  and 
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absorber  amounts.  For  the  15  pm  COg  band,  using  line  parameter  data  obtained  from 
Drayson  and  Young,  a comparison  was  made  with  the  experimental  data  of  Burch,  et  al.  (1962). 
Table  42  shows  the  percentage  difiercnces  for  the  total  absorption  in  the  band,  and  for  the 
fractional  absorption  in  three  bands,  respectively:  545-617  cm  \ 617-667  cm  \ and  667- 
720  cm'1. 

An  interesting  result  from  Haurwitz's  research,  in  which  he  calculates  atmospheric  cool- 
ing rates  from  HgO,  CO,,,  and  Og,  is  shown  in  Table  43.  T*-?  purpose  of  this  table  '.c  to  show 
the  contributions  from  various  subintervals  to  the  HgO  cooling  rate,  from  Haurwitz’s  emula- 
tion using  the  quasi -random  model. 

Plass  [236]  used  the  method  of  interpolation  to  calculate  the  spectral  transmission  over 
the  slant  paths  from  initial  altitudes  of  15,  25,  30,  and  50  km  to  the  outer  limit  of  the  atmo- 
sphere. Results  are  presented  in  the  form  of  tables  for  paths  from  the  vertical  to  the  hori- 
zontal in  5°  steps.  Values  are  give.,  for  COg  from  500  to  10,000  cm  1 and  for  HgO  from  1000 
to  10,000  cm-1  for  both  a "dry"  stratosphere  and  a "wet"  stratosphere. 

Plass  assumed  that  CC>2  was  uniformly  mixed  throughout  the  atmosphere  at  0.033%  by 
volume.  HgO  distributions  were  based  on  the  work  of  Gutnick  [237] , [238],  For  the  "dry" 
stratosphere  HgO  was  assumed  to  be  constant  at  0.045  gm/kg  air.  For  the  "wet"  stratosphere 
the  values  used  are  given  in  Table  44. 


7.3  OTHER  PUBLISHED  SINGLE-MODEL  COMPUTATIONS 
7.3.1  METHOD  OF  G.  DANIELS 

Daniels  (1974)  makes  straightforward  use  of  the  statistical  model  in  a quasi-random  for- 
mat with  a uniform  distribution  of  strengths  for  which  the  transmittance  can  be  written: 


(2m,  (P) 

t(w,  P,  T)  = exp  • ^ L 


II!” ] 

’IF1) 


where  a L = Lsrentz  line  half -width  in  cm 

d = average  line  spacing  within  Ay  in  cm  1 

2 -1 

S(T)  = line  strength  in  (atm-cm  ) 
w = absorber  amount 

L(x)  = Ladenberg-Relche  function  (see  Section  5) 


238.  G.  N.  Plass,  Infrared  Trans  mission  Studies,  Vol.  V - Transmittance  Tables  for  Slant 
Path  In  the  Stratosphere,  Report  No.  SSD-TDR -62-127,  Ford  Motor  Company,  1963 

237.  IS.  Gutnick,  "How  Dry  is  the  Sky?,”  J.  Geophys.  Res.,  Vol.  68,  1961,  pp.  286-287. 

238.  M.  Gutnick,  "Mean  Atmospheric  Moisture  Profiles  to  31  km  for  Middle  Latitudes," 
Appl.  Opt.,  Vol.  1,  1882,  p.  670. 
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TABLE  41.  PERCENTAGE  DIFFERENCES  BETWEEN  THEORETICAL 
AND  EXPERIMENTAL  TOTAL  ABSORPTIONS  FOR  "'HE  6.3  ixm  WATER 
VAPOR  BAND  RELATIVE  TO  THE  EXPERIMENTAL  VALUES.  (A  neg- 
ative value  indicates  that  the  theoretical  value  is  larger.)  (From  Haurwitz, 

1972  [14]  .) 

Mass  Path  Curtis-Godson  Pressure  (mb) 


(gm/cm2) 

133 

330 

1013 

0.002 

-30.8 

-11.3 

-1.8 

0.004 

-5.8 

-1.3 

7.2 

0.010 

9.4 

6.5 

4.8 

0.020 

8.2 

7.3 

0.0 

0.040 

9.0 

5.3 

-2.6 

0.100 

1.1 

-6.6 

-6.5 

0.200 

-3.7 

-7.8 

-10  5 

0.400 

-6.0 

-9.3 

-7.5 

0.800 

1 

o 

-5.7 

-8.4 

0.999 

-4.2 

-2.8 

-5.3 

TABLE  42.  PERCENTAGE  DIFFERENCES  BETWEEN  THEORETICAL 
AND  EXPERIMENTAL  VALUES  OF  FRACTIONAL  AND  TOTAL  AB- 
SORPTIONS FOR  THE  15  Mm  CARBON  DIOXIDE  BAND  RELATIVE  TO 
EXPERIMENTAL  VALUES.  (A  negative  values  indicates  that  the  theoret- 
ical value  is  larger.)  (From  Haurwitz,  1972  [ 14]  .) 


Mass 

Path 

gm/cm2 

Pressure 

mb 

Total  Absorption - 
Percentage 
Differences 

Fractional  Absorption 
Percentage  Differences 
545-617  cm'1  617-607  cm-1  667 

-720 

0.046 

1016 

-7.1 

13.9 

1.0 

-4.5 

0.091 

405 

-8.5 

1.0 

1.6 

-3.9 

0.091 

1019 

-6.4 

12.9 

-2.5 

© 

i 

0.190 

411 

-5.5 

3.2 

-1.0 

-1.3 

0.190 

1024 

-4.7 

0.7 

-l.l 

-0.1 

0.234 

439 

-5.8 

3.0 

-2.4 

-1.2 

0.379 

292 

-2.7 

0.3 

0.0 

-0.9 

0.379 

3 

-2.9 

-1.1 

-0.6 

-1.0 

0.379 

1007 

-2.3 

-2.4 

0.0 

0.0 

0.383 

700 

-3.3 

4.3 

-0.3 

0.0 
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TABLE  43.  PERCENTAGE  CONTRIBUTIONS  TO  THE  OVERALL  WATER 
VAPOR  COOLING  RATES  FROM  EACH  OF  THE  NINE  SUBINTERVALS. 


(From  Uaurwltz,  1972  [14]  .) 

Subinterval 
\ (cm-1) 


Pressure^\^ 

(mb) 

0- 

\ 220 

220- 

440 

440- 

80C 

800- 

1250 

1250- 

1420 

1420- 

1590 

1520- 

1845 

1845- 

2100 

2100- 

2450 

95C 

0.0 

0.0 

77.0 

15.1 

4.9 

0.2 

0.2 

2.5 

0.2 

884 

0.0 

0.0 

74.7 

19.0 

4.6 

0.0 

0.1 

1.5 

0.1 

817 

0.0 

0.2 

82.5 

8.3 

6.8 

0.1 

0.2 

1.6 

0.1 

750 

0.0 

0.2 

79.4 

10.3 

8.2 

0.1 

0.3 

1.5 

0.1 

684 

0.0 

1.5 

74.4 

11.4 

9.5 

0.8 

1.1 

1.3 

0.5 

617 

0.0 

12.1 

71.0 

4.0 

8.9 

1.7 

l.P 

0.8 

0.0 

550 

0.3 

23.1 

55.0 

6.0 

8.1 

3.2 

2.8 

0.6 

0.0 

484 

2.7 

44.7 

37.2 

4.5 

4.3 

3.V 

2.5 

0.3 

0.0 

417 

7.2 

56,1 

29.3 

0.7 

2.5 

3.3 

2.1 

0.0 

0.0 

'30 

13.2 

66.0 

15.9 

2.9 

0.4 

1 5 

0.1 

0.1 

0.0 

284 

22.6 

62.o 

9.9 

l.S 

1.1 

1.4 

0.6 

0.0 

0.0 
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TABLE  44.  MIXING  RATIO  FOR  "WET" 
STRATOSPHERE  MODEL 


Altitude 


Mixing  Ratio 


[kin) 

(gm  H20  per 

15 

0.0090 

lti 

0.0095 

1? 

0.0105 

18 

0.012 

19 

0.015 

20 

0.018 

21 

0.022 

22 

0.027 

23 

0.033 

24 

0.040 

25 

0.048 

26 

0.058 

27 

0.069 

28 

0.087 

29 

0.11 

30 

0.13 

31 

0.16 

32 

0.18 

33  and  above 

0.20 
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The  computation  is  formalized  in  a computer  program  called  AIRCAP  which  unfortunately 
is  not  available  in  the  literature.  The  calculations  involve  the  use  of  the  AFCRL  line- 
parameter  compilation  and  a set  of  gas  profiles  which  are  demonstrated  in  Figure  69. 

Danle.j  Increments  his  interval  in  AX  according  to  line  strength  value,  and  his  spheri- 
cally symmetric  atmosphere  into  layers  (see  Section  7.4)  without  regard  to  refractive  index 
changes.  The  Increments  were  defined  according  to  the  formula  x/AX  s 100,  which  gives  a 
wavelength  resolution  of  0.1  pm  at  10  pm.  Calculations  were  made  for  the  range  8 to  25  pm. 
The  groupings  of  line  strengths  were  made  in  such  a way  that,  starting  with  the  strongest 
line,  the  intensities  in  any  group  were  v/lthin  a factor  of  3.  Thus,  if  Sq  is  the  strength  of  the 
strongest  line,  the  subsets  of  each  increment  contained  lines  such  that  Sq^/311  < S s Sj^/311”^, 
where  N(=l,  2,  3,  . . .)  is  the  number  of  the  subset.  In  a quasi -random  fashion  the  strength 
in  each  subset  can  be  averaged,  the  result  be'ng  used  as  the  constant  line  strength  applied  in 
the  statistical  model  with  uniform  distribution  of  line  strength  (Eq.  310).  The  resultant  trans- 
mittance is  multiplied  with  the  values  obtained  using  Eq.  (310)  with  the  other  subsets,  to  ob- 
tain the  total  transmittance. 

First,  however,  the  Curtis -Godson  approximation  (see  Section  5)  must  be  applied  to  the 
absorber  amount  and  the  line  half-width.  After  this  is  done,  these  quantities  can  be  appropri- 
ately applied  in  the  model  (Eq.  310)  for  a homogeneous  path.  For  this  purpose,  the  average 
line  strength  in  the  subset,  k,  is  obtained  from: 


2]Sljk^’  V 


(311) 


where  i pertains  to  the  1-th  gas  constituent,  and  the  summation  is  over  the  m lines  in  the  sub- 
set. Since  the  line  strengths  are  compiled  for  a single  convenient  temperature,  T«,  the  values 
Sjj(t)  must  be  determined  from  the  calculation  of  line  strength  averages  at  Tq  so  that: 


SjfT=SjT7 


(312) 


where  n = 1 for  COg  and  NgC,  and  n = 3/2  for  Og,  KgO  and  CH^.  Daniels  did  not  account  for 
the  temperature  dependence  of  HNOg  because  data  were  not  available.  He  estimated  the  aver- 
age value  E (T0),  the  average  ground  state  energy,  from: 
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ZlSlJk(T0>E.)K 

= 

1 Z!s.i<to) 

k 


where  again  the  summation  is  over  the  m values  of  the  lines  in  the  subset.  The  Curtis -Godson 
effective  absorber  amount  was  then  obtained  from: 


w (c«.  f SEL  lzljf.jz 

“ J.  1 “2 


where  Tj  is  taken  as  a mean,  representative  temperature  for  the  path;  in  this  case,  223  K or 
-50°C.  The  integration  13,  as  usual,  performed  numerically  by  dividing  the  atmosphere  in 
1 km  distant  shells.  The  path  is  taken  from  some  to  R,  which  is  a height  above  which  at- 
mospheric densities  are  negligible  for  the  calculations,  taken  as  47  km  by  Daniels  (1970). 

The  Curtis -Godson  half -width,  in  the  format  designed  from  the  averages  calculated  above, 
then  has  the  special  form  (note  that  this  and  all  previous  calculations  are  for  a particular  fre- 
quency, centered  in  the  spectral  region  over  which  the  averages  are  taken): 

rz i o-^-cr  /o  \ / '•n  \l/2  1 


OjjtCG)  = 


lOT  ) fp\ 

o L 

Wj^CG) 


p(z)gdz 


rR  522 

Jz  SWV 


(z)p(z)gdz 


The  integration  is  split  into  two  paths,  zQ  to  z^,  and  z^  to  R (the  upper  limit),  the  first  being 

the  region  in  which  pressure  broadening  dominates,  the  second  where  Doppler  broadening 

(see  Eq.  (316)  below)  is  the  chief  broadening  mechanism.  Daniel's  approximation  to  the 

Doppler  shape  is  to  freeze  the  Lorentz  profile  at  z.  with  respect  to  pressure  and  then  from 

1/2  1 

Zj  to  R allow  the  half -width  to  vary  at  T similar  to  the  Doppler  lin-j.  Thus,  in  Eq.  (315) 
we  have: 


a (z)  ? aL  (zf)  =c*L  (316 

where  the  subscript  f is  a count  of  the  atmospheric  layer  used  in  the  suit -nation  which  ap- 
proximates the  actual  Integration  in  Eq.  (316). 
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The  altitude  at  which  this  transition  was  chosen  was  obtained  by  letting  (for  a given  gas 
constituent): 


The  relative  shapes  of  the  true  Doppler  and  the  approximate  profile  using  Eq.  (317)  are  shown 
in  Figure  70.  Daniels  made  a comparison  of  the  transmittances  obtained  in  the  Doppler  re- 
gion for  CHj  with  experimental  results,  using  the  true  Lorentz  shape,  the  frozen  Lorentz 
shape  with  a L = and  the  frozen  Lorentz  shape  using  a L = a^/ViT.  The  results  are  Bhown 

in  Figure  71.  An  empirical  match  of  the  parameters  for  the  various  constituents  in  the  spec- 
tral region  between  8 and  25  pm  results  in  the  tabulation  of  Table  45,  giving  the  initial  freez- 
ing altitudes. 

7.3.2  METHOD  OF  H.  T.  JACKSON  (see  also  Section  5,  and  Goldman  and  Kyle  (1968)) 

In  an  attempt  to  calculate  the  emissivity  of  hot  CO,  in  the  4.3  pm  region,  covering  the 

-1  “ «1 
frequency  band  from  2C50  to  2400  cm  , Jackson  [239]  has  applied  the  exponential -tailed  S 

(Malkmus,  1967)  line  Intensity  distribution  to  the  statistical  model  to  satisfy  a range  of  gas 

temperatures  from  300  to  2100  K.  (Note  that  the  attempt  here  is  not  to  present  results  on 

models  of  high-temperature  radiation;  Jackson's  method  is  one  representation  of  a specific 

model.)  A mathematical  representation  of  the  transmittance  calculated  with  the  exponential - 

tailed  S~*  distribution  is  given  as:* 


t * exp  - (^0PeA{fl  + Zirif'] 1|/2  - ljj 


where,  as  usual,  = P + (B  - l)p 


w = j£-L 
e 

\ L = path  length  in  cm 

i p = partial  pressure  of  the  absorber 

Since  Jackson  wishes  to  compute  e - 1 - t,  the  appropriate  subtraction  must  be  made.  In 
addition,  he  makes  the  approximation  P = P,  the  total  pressure,  disregarding  the  small 

ML, — C 

*Compare  with  Expression  12,  Table  20. 


239.  H.  T.  Jackson  Jr.,  A Model  for  the  Spectral  Emissivity  of  Carbon  Dioxide  in  the  4.3- 
Mlcron  Band,  Rept.  No.  RE-TR-69-6,  U.S.  Army  Missile  Command,  1889. 
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TABLE  45.  REFERENCE  HALF-WIDTHS  (223  K,  760  MM  HG) 
AND  LINE  SHAPE  FREEZING  ALTITUDES,  (From  Daniels, 

1973  [17].) 


Wavelength  of 

Band 

Reference 

Constituent 

Band  Center 

Number 

Half-widths 

H2° 

6.3  nm 

1 

0.08  cm'1 

26  km 

10  fim 

2t 

0.08  cm'1 

31  km 

20  /rm 

3t 

0.08  cm'1 

35  km 

co2 

10  pm 

1 

0.07  cm'1 

35  km 

15  Mm 

2 

0.07  cm'1 

35  km 

o3 

9.6  Mm 

1 

0.11  cm'1 

36  km 

14  Mm 

2 

0,98  cm'1 

38  km 

n2o 

8 Mm 

1 

0.1  cm'1 

S5  km 

17  Mm 

2 

0.1  cm'1 

38  km 

ch4 

7.7  Mm 

1 

0.06  cm'1 

29  km 

hno3 

Not  needed  or 

available* 

♦Laboratory  and  atmospheric  transmission  data  indicate  that  the 
atmospheric  transmission  of  LNOg  is  always  in  the  "weak-line" 
region  where  the  transmission  is  independent  of  pressure  and 
so  the  half -width  is  no;  of  concern. 

fThe  water  vapor  rotation  lines  are  distributed  from  10  |im  to 
the  microwave  region.  For  these  calculations  artifical  band 
centers  were  taken  at  10  and  20  Mm. 
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self -broadening  correction.  He  then  derives  a procedure  for  the  linearization  of  Eq.  (318)  for 
fitting  to  the  line  parameter  data  of  Stull,  et  al.  (1963),  derived  from  the  data  in  the  quasi- 
random model  (see  Section  5)  that  were  averaged  over  Intervals  20  cm"*  wide.  Thus,  by  tak- 
ing the  natural  logarithms  of  both  sides  of  Eq.  (318)  and  rearranging,  there  results: 

to,  (An*  (1A)  * §75  ■ wm  (319) 

Ii 

(for  a pressure  of  1 atm),  which  can  be  fitted  toaplotof  fn(l/r)  versus  w/fn  (1/r),  where  the 
intercept  of  the  straight  line  is  (S/d)  1 and  the  slope  is  (S^/d ) Mathematically  the 
solution  results  from  a least  squares  fit  of  empirical  data,  in  this  case  the  data  of  Stull,  et  al. 
(1963),  from  which: 


1 

172 


4«l(S 


/dr 


(320) 


and 


1 


n 


4a. 


js1/2/d)2S(fn 


Tt> 


(321) 


[Note:  for  n values  of  the  variables,  and  y^,  the  differences  at  any  point  between  the 
chosen  line  and  the  point  yt  is  y^  - (ax^  + b).  Minimization  of  the  sums  of  the  squares  of  these 
differences  yields 


£ + *>)]  = 0 


and 


n 

^Xjfy^  - (aj:.  + b)]  = 0.  End  of  Note.] 

1/2 

The  solution  of  these  simultaneous  epuatlons  yields  the  parameters  S/d  and  S /d,  which  are 
sought  for  incorporation  into  the  band  model  represented  by  Eq.  (318). 

Although  Jackson’s  derivation  pertains  to  the  transmittance  (actually  emlssivity)  of  COg 
at  4.3  pin  for  a variety  of  gas  temperatures,  the  only  temperature  of  importance  to  this  re- 
port is  the  lower  one  at  300  K.  Howeve* , to  show  the  effect  of  temperature  on  the  various 
parameters  used  in  the  statistical  model  to  calculate  transmittance  (emissivlty),  the  values 
obtained  by  Jackson  are  reproduced  here.  Figure  72  shows  the  variation  of  the  parameter 
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FIGURE  72.  S/d  VERSUS  WAVE  NUMBER  WITH  TEMPERATURE 
AS  A PARAMETER.  (Feproduced  from  Jackson,  1969  [239].) 
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S/d  as  a function  of  frequency  for  different  values  of  temperature.  Figure  73  is  a plot  of  the 
same  parameter  as  a function  of  temperature  for  different  values  of  frequency.  Recall  that 
S/d  and  S^“Vd  were  obtained  at  300  K from  a fit  of  the  data  of  Stull,  et  al.  (1963).  The  reader 
is  referred  to  the  original  report  (Jackson,  1969)  for  the  source  of  data  at  higher  temperatures. 

1/2 

The  parameter  S / /d  is  shown  plotted  in  Figure  74  as  a function  of  frequency  for  differ- 
ent valjes  rf  temperature,  while  the  same  parameter  is  plotted  in  Figure  75  as  a function  of 
temperature  for  different  values  of  frequency.  Tables  46  and  47  give  the  same  parameters  in 
tabular  form. 

7.4  AGGREGATE  METHOD 

The  Aggregate  Method  was  formulated  and  extensively  used  at  the  Environmental  Research 
Institute  of  Michigan  (ERIM)  and  published  through  support  of  the  Aerospace  Corporation  by 
one  of  the  authors  of  the  model.  It  was  originally  assembled  by  D.  Anding,  who  recently 
cooperated  in  publishing  the  program  (Hamilton,  Rowe  and  Anding,  1973),  and  by  H.  Rose  and 
J.  Walker.  It  was  formulated  as  the  result  of  a compilation  of  models  which  were  reviewed 
in  the  original  State -of -the -Art  report  (Anding,  1967)  on  the  calculation  of  atmospheric  effects. 
This  method,  and  the  LOW  TRAN  2 method  (Selby  and  .dcClatchey,  1972;  see  following  section) 
are  perhaps  the  most  widely  disseminated  of  all  the  programs  for  calculating  absorptive  at- 
mospheric effects  from  band  models.  After  the  original  State  -of  -the -Art  was  completed,  the 
Aggregate  atmospheric  transmittance  calculation  method  was  formulated  to  organize  into  a 
single  program  the  best  traits  of  the  numerous  models  that  were  in  existence  at  that  time.  It 
has  been  gradually  up-graded  as  new  data  appears  and  modified  to  calculate  atmospheric  ra- 
diance as  well  as  transmittance,  and  to  include  scattering. 

Calculations  by  the  Aggregate  method  can  be  made  from  1.05  to  30  pm  at  irregular  spec- 
tral resolution  from  0.01  pm  at  ihe  short  wavelengths  to  0.44  pm  at  the  long  wavelengths, 
suited  to  the  resolution  of  the  experimental  data  used  to  calculate  the  line  parameters.  In  the 
computer  code  for  calculating  transmittance  and  radiance,  the  atmosphere  is  divided  into  a 
(variable)  number  oi  spherical  shells  through  which  the  path  is  taken  unrefracted.  See  the 
Appendix  for  a consideration  of  refraction.  The  transmittance  in  the  path  is  considered  as 
the  product  of  the  transmittances  due  to  the  effects  in  the  following  list  (from  Hamilton,  Rowe 
and  Anding,  1973). 

Transmittance  through  the  gaseous  constituents  of  the  atmosphere,  with 

tH  q = transmittance  of  water  vapor  in  which  the  molecular  line  structure  is  adaptable 
^ to  a band  model 

r.,  n f-  = transmittance  of  water  vapor  in  the  c mtinuum  region 
H„0  continuum  r 
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FIGURE  73.  S/d  VERSUS  TEMPERATURE  WITH  WAVE  NUMBER 
AS  A PARAMETER.  (Reproduced  freni  Jackson,  1969  ) 239  j .) 
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FIGURE  75.  S ' /d  VERSUS  TEMPERATURE  WITH  WAVE  NUMBER 
AS  A PARAMETER.  (Reproduced  from  Jackson,  1969  [ 2S9]  .) 
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TABLE  40.  THE  SPECTRAL  BAND  PARAMETER  S/d  AS  A FUNCTION  OF  TEMPERATURE. 

' (From  Jackson,  1969  [239 ).) 


WAVE 

TEMPERATURE 

NUMBER 

(DEGREES  KELVIN) 

(1/CM) 

300. 

600. 

900. 

1200. 

1500n 

1800. 

2100. 

2050. 

2.60E-03 

4.80E-04 

3.40E-04 

4.10E-04 

8.20E-04 

5.70E-03 

2.60E-02 

2055. 

4.80E-03 

7.00E-04 

4.50E-04 

5.20E-04 

1.08E-03 

7.20E-03 

3.00E-02 

2060. 

6.01E-03 

1.03E-03 

5.72E-04 

6.37E-04 

1.37E-03 

9.08E-03 

3.56E-02 

2065. 

1.40E-02 

1.51E-03 

7.53E-04 

8.23E-04 

1.77E-03 

1.14E-02 

4.12E-0 2 

2070. 

1.87C-02 

1.89C-03 

9.57E-04 

1.06E-03 

2.28E-G3 

1.42E-02 

4.76E-02 

2075. 

2.02E-0? 

2.08E-03 

1.15E-03 

1.34E-03 

2.95E-03 

1.75E-0? 

5.47E-02 

2080. 

1.65E-02 

1.99E-03 

1.30E-03 

1.66E-03 

3.81E-03 

2.13E-D2 

6.28E-02 

2085. 

1.08E-02 

1.79E-03 

1.44E-03 

2.04E-03 

4.96E-03 

2.58E-02 

7.21E-02 

2090. 

6.31C-C3 

1.63E-03 

1.57E-03 

2.54E-03 

6.41E-C3 

3.08E-02 

8.30E-02 

2095. 

3.21E-03 

1.52E-03 

1.77E-03 

2.81E-03 

8.23E-03 

3.65E-02 

9.51E-02 

2100. 

1.81E-03 

1.47E-03 

2.10E-03 

2.65E-03 

1.06E-02 

4.28E-02 

1.08E-01 

2105. 

1.33E-03 

1.41E-03 

2.35E-03 

2.30E-03 

1.36E-02 

5.01E-02 

1.24E-01 

2110. 

9.55E-04 

1.26E-03 

2.32E-03 

1.89E-03 

1.73E-02 

5.86E-02 

1.41E-01 

2 1 1 5 . 

6.95E-04 

1.07E-03 

2.08E-03 

1.86E-03 

2.21E-02 

6.86E-02 

1.60E-01 

2120. 

5.65E-04 

8.82E-04 

1.70E-03 

2.46E-03 

2.80E-02 

8.05E-02 

1.81E-01 

2125. 

5.13E-04 

7.36E-04 

1.40E-03 

3.52E-03 

3.51E-02 

9.61E-02 

2.05E-01 

2130. 

4.8HE-04 

6.96E-04 

1.38E-03 

4.98E-03 

4. 38E-02 

1.15E^01 

2.3  IE-01 

2135. 

4.80E-04 

7.11E-04 

1.53E-03 

6.91E-03 

5.46E-02 

1.37E-01 

2.61E-01 

2140. 

4.78E-04 

7.30E-04 

1.73E-03 

9.55E-03 

6.73E-02 

1.63E-04 

2.95E-01 

2145. 

4.82E-04 

7.52E-04 

1.95E-03 

1.31E-02 

8.27E-02 

1.92E-01 

3.32E-01 

2150. 

4.91E-04 

7.81E-04 

2.20E-03 

1.82E-02 

1.01E-01 

2.25E-01 

3.73E-01 

2155. 

5.05E-04 

8.16E-04 

2.47E-03 

2.52E-02 

1.24E-01 

2.62E-01 

4.18E-01 

2160. 

5.22E-04 

8.56E-04 

2.78E-03 

3.43E-02 

1.53E-01 

3.06E-01 

4.68E-01 

2165. 

5.47E-04 

9.16E-04 

3.25E-03 

4.63E-02 

1.88E-01 

3.55E-01 

5.22E-01 

2170. 

5.81E-04 

1.01E-03 

4.03E-03 

6.16E-02 

2.28E-01 

4.07E-01 

5.80E-01 

2175. 

6.28E-04 

1.18E-03 

5.68E-03 

8.20E-02 

2.76E-01 

4.67E-01 

6.42E-01 

2180. 

6.95E-04 

1.46E-03 

8.82E-03 

1.09E-01 

3.32E-01 

5.36E-01 

7.10E-01 

2185. 

7.83E-04 

1.91E-03 

1.40E-02 

1.43E-01 

3.95E-01 

6.13E-01 

7.82E-01 

2190. 

9.01E-04 

2.60E-03 

2.18E-02 

1.88E-01 

4.7CE-01 

7.00E-01 

8.57E-01 

2195. 

1.06E-03 

3.91E-03 

3.34E-02 

2.46E-01 

5.58E-01 

7.93E-01 

9.32E-01 

2200. 

1.28E-03 

0.27E-03 

5.00E-02 

3.15F-01 

6.56E-01 

8.93E-01 

1.00E-00 

2205. 

1.69E-03 

1.02E-02 

7.20E-0 2 

3.97E-01 

7.67E-01 

1 eOOE-OO 

1.08E-00 

2210. 

2.45E-03 

1.65E-02 

1.00E-01 

4.92E-0) 

8.88C-01 

1.11E-00 

1.17E-00 

2215. 

4.28E-03 

2.74E-02 

1.41E-01 

6.01E-01 

1.01E-00 

1.23E-00 

1.26E-00 

2220. 

7.95E-03 

4.54E-02 

2.02E-01 

7.28E-01 

1.16E-00 

1.35E-00 

1.36E-00 
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TABLE  40.  THE  SPECTRAL  BAND  PARAMETER  S/d  AS  A FUNCTION  OF  TEMPERATVT'U 

(From  Jt ckson,  1969  (239].)  (Concluded) 


WAVE 

TEMPERATURE 

NUMBER 

(DEGREES  KELVIN) 

1 1/CM) 

300. 

600. 

900. 

1200. 

1500. 

1800. 

2100. 

2225. 

1.60E-02 

7.54E-02 

2.79E-01 

8.76E-01 

1 . 3 IE  ~00 

1.481-00 

1.45E-00 

2230. 

3.10E-02 

1.22E-01 

3.67E-01 

1.04E-00 

1.46E-00 

1.61E-00 

1.55E-00 

223*. 

5.71E-02 

1.85E-01 

4.73E-01 

1.24E-00 

1.65C-00 

1.74E-00 

1.64E-00 

2240. 

9.84E-02 

2.66E-01 

6.05E-C1 

1.46E-00 

1.64E-00 

1.86E-00 

1.72E-00 

2245. 

1.56E-01 

3.65E-01 

7.70E-01 

1.71E-09 

2.03E-00 

1.99E-00 

1.80E-00 

2250. 

2.32E-01 

4.86E-01 

9.75E-01 

1.98E-00 

2.22E-00 

2.11E-00 

1.87E-00 

2255. 

3.15E-01 

6.70h* 

1.22E-00 

2.28E-00 

2.42E-00 

2.22E-00 

1.93E-00 

2260. 

3.93E-01 

7.90E-01 

1 .53E-00 

2.60E-C0 

2.61E-0C 

2.32E-C0 

1.98E-00 

2265. 

4.63E-01 

1.00E-00 

1.90C-00 

2.93E-00 

2.79C-00 

2.41E-00 

2.03E-00 

2270. 

5.21E-01 

1.26E-00 

2.36E-00 

3.27E-00 

2.96E-00 

2.49E-00 

2.06E-00 

2275. 

6.17E-01 

1.63E-00 

2.B9E-00 

3.61E-00 

3.12C-00 

2.55E-00 

2.08E-00 

2280. 

7.99E-0 1 

2.20E-00 

3.5’P-OO 

3.94E-00 

3.26E-00 

2.61E-00 

2.10E-00 

7285. 

1.17E-00 

3.05E-00 

4.25E-00 

4.25E-00 

3.38E-00 

2.65E-00 

2.11E-00 

2290. 

1.84E-00 

4.32E-00 

5.10E-00 

4 • 5 3E-00 

3.48E-00 

2.69E-00 

2.12E-00 

2295. 

2.8'JE-OO 

5.83E-00 

5.96E-00 

4.76E-00 

3.55E-00 

2.7OE-00 

2.12E-00 

2300. 

4.40E-00 

7.42E-00 

6.77E-00 

4.95E*  00 

3.60E-00 

2. 7 IE- 00 

2.1  IE-00 

2305. 

6.36E-00 

9.18E-00 

7.44E-00 

5.07E-00 

3.62E-00 

2.70E-00 

2.10000 

2310. 

B.72E-00 

1. 12E  *01 

7 • 90C-00 

5.14C-C0 

3.63E-00 

2.69E-00 

2.07E-00 

2315. 

1.11E+01 

1.31E+01 

8.16E-00 

5 • 16E-00 

3.62E-00 

2.67E-00 

2.05E-00 

2320. 

1.34E+01 

1.46E+01 

8 • 25E-Q0 

5.14E-00 

3.60E-00 

2.65E-00 

2.01E-00 

2325. 

1.53E^01 

1.51E+01 

8.18E-00 

5 • 12E-00 

3.59E-00 

2.64E-00 

1.99E-00 

2330. 

1.67E+01 

1.42E+01 

7.97E-00 

5.0BE-00 

3.57E-00 

2.61E-00 

1.95E-00 

2335. 

1.75E+01 

1.27t»01 

7.70E-00 

5.08E-00 

3.56E-00 

2.57E-00 

1.90E-00 

2340. 

1.76E+01 

1.11E+01 

7.45E-00 

5.10E-00 

3.55E-00 

2.53E-00 

1.85E-00 

2345. 

1 . 74E ♦0 1 

1 • 03t *0 1 

7.43E-C0 

5.15E-00 

3.52E-00 

2.46E-00 

1.76E-00 

2350. 

1.73C+01 

1.11E+01 

7.87E-00 

5.27E-00 

3.50C-00 

2.40E-00 

1.69E-00 

2355. 

1.81E*0l 

1.32E»01 

8.85E-00 

5.35E-00 

3.43E-00 

2.29E-00 

1.59E-00 

2360. 

1.95E+01 

1.56E+01 

1 . 00E  + 0 1 

5.33E-00 

3.28C-00 

2.12E-00 

1.43E-00 

2365. 

2.09E»01 

l.71E>01 

1.01E»01 

5.11E-00 

3.05C-00 

1.94E-00 

1.29E-00 

2370. 

2.11E+01 

1.80E+01 

9.50E-00 

4.90E-00 

2.69E-00 

1.67E-00 

1.09E-00 

2375. 

1.82E+01 

1.60E+01 

7.83E-00 

3.91E-00 

2.28C-00 

1.41E-00 

8.50E-01 

2380. 

1.01E+01 

7.2OE-00 

6.00E-00 

3.07E-00 

1.77E-00 

1.05E-00 

6.50E-01 

2385. 

1.19E-00 

2.54E-00 

3.45E-00 

2.19E-00 

1.35E-00 

8.02E-01 

4.50E-01 

2390. 

2.97E-01 

9.97E-01 

1.70E-00 

I.20E-00 

7.80E-01 

4.80E-01 

3.00E-01 

2395. 

9.75C-02 

2.61C-01 

3.62E-01 

4.95E-01 

3.81E-01 

3.21E-01 

1.75E-01 

2400. 

5.01E-02 

7.50E-02 

1.00E-01 

1.50E-01 

1.50E-01 

1.30E-01 

1.00E-01 
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TABLE  47.  THE  SPECTRAL  BAND  PARAMETER  S(l/2)/d  AS  A FUNCTION  OF  TEMPERATURE. 

(From  .Jackson,  1969  [239].) 


WAVE 

TEMPERATURE 

NUMBER 

t DEGREES  KELVIN) 

( 1/CM) 

300. 

600. 

900. 

1200. 

1500. 

1800. 

2100. 

2050. 

4.60E-02 

6.60E-02 

1.33E-01 

3.35E-01 

7.90E-01 

2.90E-00 

8.90E-00 

2055. 

4.90E-02 

7.00E-02 

1.37E-01 

3.52E-01 

8.85E-C1 

3.20E-00 

9. 39 E -00 

2060. 

3.25E-02 

7.50E-02 

1.49E-01 

3.76E-01 

1 .OOE-OO 

3.60E-00 

1.00E+01 

2065. 

5.68E-02 

8.00E-02 

1.59E-01 

3.92E-01 

1 . 13E-00 

4. OOE-OO 

1.07E+01 

2070. 

6.00E-02 

3.42E-02 

1.68E-01 

4. 10L-01 

1.28E-00 

4.40E-00 

1. 13E+01 

2073. 

6 . 3 IE -02 

e.81E-02 

1.  76E-01 

4.31E-01 

1.45E-00 

4.81E-00 

1.19E+01 

206C. 

6.67E-02 

9.25E-02 

1.84E-01 

4.56E-01 

1.63E-00 

5.23E-00 

1.25E+Q1 

2085. 

7.06E-02 

1.01E-01 

2.06E-01 

4.81E-01 

1.84E-00 

5.66E-00 

1.31E+01 

2090. 

7.42E-02 

1.19E-01 

2 .566-01 

5.09E-01 

2.06E-00 

6.10E-00 

1.37E+01 

2095. 

7.71E-02 

1.42E-01 

2.23E-01 

5.47E-01 

2.30E-00 

6.55E-00 

1 - 2 E + 0 1 

2100. 

7.89E-02 

1.67E-01 

2.95E-01 

6.00E-01 

2.54E-00 

7. OOE-OO 

1.47E+01 

2105. 

8.01E-02 

1.87E-01 

4.38E-01 

6.71E-01 

2.78E-00 

7.45E-00 

1.52E+01 

2110. 

8.13E-02 

2.01E-C1 

5. COE -01 

7.60E-01 

3.04E-00 

7.90E-00 

1 .57E+01 

2115. 

8.25E-02 

2.10E-01 

5.29E-01 

8.62E-01 

3 . 30E-00 

8.33E-00 

1.62E+01 

2120. 

8.40E-C2 

2.19E-01 

5.58E-01 

9.73E-01 

3.59E-00 

8.76E-00 

1 .66E+01 

2125. 

8.5AC-02 

2.27E-01 

5.86E-01 

1.09E-00 

3.89E-00 

9.18E-00 

1.70E+01 

2130. 

8.68E-02 

2.35E-C1 

6.12E-01 

1.24E-00 

4.19E-00 

9.60E-00 

1.75E+01 

2135. 

3.82E-02 

2.43E-01 

6.38E-01 

1.41E-00 

4.50E-00 

1.00E+01 

1.78E+01 

2140. 

3.97E-02 

2.50E-01 

6.66E-01 

1.60E-00 

4.85E-09 

1.04E+01 

1.82E+01 

2145. 

9.12E-02 

2.58E-01 

6.99E-01 

1.80E-00 

5.22E-00 

1.08E+01 

1 .86E  + 01 

2150. 

9.23E-02 

2.66E-01 

7.40E-01 

2.01E-00 

5.63E-00 

1 . 12E+  01 

1.90E+01 

2155. 

9.44E-02 

2.77E-01 

7.96E-01 

2.25E-00 

6.06E-00 

1 • 16E-*  0 1 

1.94E+01 

2160. 

9.60E-02 

2.95E-01 

8.77E-01 

2.51E-00 

6.48E-00 

1.20E+01 

1.98E+01 

2165. 

9.74E-02 

3.21E-01 

9.81E-01 

2.81E-00 

6.91E-00 

1.25E+01 

2.01E+01 

2170. 

9.87E-02 

3.55E-01 

1.11E-00 

3.15E-00 

7.35E-00 

1.30E+01 

2.03E+01 

2175. 

1.00E-01 

3.90E-01 

1.25E-00 

3.51E-00 

7 . 80E-00 

1.34E+01 

2.Q4E+01 

2180. 

1.02E-01 

4.22E-01 

1.40E-00 

3.91E-0C 

8.26E-00 

1.39E+01 

2.05E+01 

2105. 

1.06E-01 

4.54E-01 

1.55E-00 

4.35E-00 

8.75E-00 

1.43E+01 

2.05E+01 

2190. 

1.12E-01 

4.90E-01 

1.72E-00 

4.81E-00 

9 • 27E-00 

1.47E+01 

2.06E+01 

2195. 

1.20E-01 

5.31E-01 

1 .90E-00 

5.30E-00 

9.36E-00 

1.51E*-01 

2.C3E+J1 

2200. 

1.29E-01 

5.81E-01 

2.10E-00 

5.81E-00 

1.05E+01 

1.56E+01 

2.10E+01 

2205. 

1.40E-01 

6.37E-01 

2.31E-00 

6.35E-00 

1.12E+01 

1.60E+01 

2. 13E+01 

2210. 

1.52E-01 

6.97E-01 

2.54E-00 

6.90E-00 

1.19E+01 

1.64E+01 

2.17E+01 

2215. 

1 . 67E-0 l 

7.64E-01 

2.77E-00 

7.46E-00 

1.26E+01 

1.68E+01 

2.21E+01 

2220. 

1.87E-01 

8.40E-01 

3.02E-00 

8.02E-C0 

1.33E+01 

1.72E+01 

2.26E+01 

\ 

1 


i 


i 
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TABLE  47.  THE  SPECTRAL  BAND  PARAMETER  S(l/2)/d  AS  A FUNCTION  OF  TEMPERATURE. 

(From  Jackson,  1969  (239].)  (Concluded) 


WAVE 

TEMPERATURE 

NUMBER 

(DEGREES  KELV 

IN) 

• 1/CM ) 

300. 

600. 

900. 

1200. 

1500. 

1600. 

2100. 

2 225. 

2.17E-01 

9 

•40E-01 

3.31E-00 

8.S7E-00 

1.40E+01 

1 

.77E+01 

2.30E+01 

2230. 

2.65E-0 1 

1 

•08E-00 

3.65E-00 

9.12E-00 

1.45E+01 

1 

•8 IE+01 

2.35E+01 

2235. 

3.34F-01 

1 

•26E-00 

4.03E-00 

9.66E-00 

1.50E+01 

1 

•86C+01 

2.39E+01 

2240. 

4.31E-01 

1 

.46E-00 

4.43E-00 

1.01E+01 

1.55E+01 

1 

.89001 

2.41E+01 

2245. 

5.51E-01 

1 

•75E-00 

84E-00 

1.06E+01 

1.58E+01 

1 

.90001 

2.38E+01 

2250. 

6.93E-01 

2 

.04E-0<?  5.25E-00 

1.11E+01 

1.59E+01 

1 

»89E*01 

2.33E+-01 

2255. 

8.50E-01 

•34E-00 

5.63E-00 

1.15E+01 

1.60E+01 

1 

•87E+01 

2.26E+01 

2260. 

1.01E-00 

•65E-00 

5.99E-00 

1.18E+01 

1.59E+01 

1 

.85E+01 

2.17E+01 

2265. 

1.19E-00 

2 

•93E-00 

6.29E-00 

1.21E+01 

1.58E401 

1 

•82E+01 

2.07E+01 

2270. 

•38E-00 

3 

• 20E-‘00 

6.55E-00 

1.24E+01 

1 .57E4-01 

1 

•78E+01 

1.96E+01 

2275. 

1.58E-00 

3 

.46E-00 

6.79E-00 

1.26E+01 

1.54E+01 

1 

•72E+01 

1.83E+01 

2280. 

1.81E-00 

3 

•75E-00 

7.06E-00 

1.27E+01 

1.52E+01 

1 

•67E+01 

1.74E+01 

2285. 

2.12E-00 

4 

-Q5E-00 

7.39E-00 

1.28E+01 

1.50E+01 

1 

•62E+01 

1.65E+01 

2290. 

2.57E-00 

4 

.37E-00 

7.80E-00 

1 • 28E+0 1 

1.48E+01 

1 

.58E*0l 

1.59E+01 

2295. 

3.18E-00 

4 

• 78E-00 

8.30E-00 

1.28E+01 

1.45Ef01 

1 

•53E+01 

1.53E+01 

2300. 

4.01E-00 

5 

.38E-00 

8.90E-00 

1.27E+0’ 

1.42E+01 

1 

•47E+01 

1.45E+01 

2305. 

5.04E-00 

6 

• 22E-00 

9.55E-00 

1.25E+01 

1.37E+01 

1 

•42E+01 

1.38E+01 

2310. 

6.26E-00 

7 

•39E-00 

1.02E+01 

1.23E+01 

1.32E+01 

1 

•34E+01 

1.30E+01 

2315. 

7.67E-00 

8 

.71E-00 

J.07E+01 

1.20E*01 

1.27E+01 

1 

•28E+01 

1.24E+01 

2320. 

9.31E-00 

1 

.00E+01 

1 . 12E+01 

1. 16E+01 

1.22E+01 

1 

.2lE*ul 

1.15E+01 

2325. 

1.09E+01 

1 

.lOEt-01 

1.14E+01 

1.13E+01 

1 . 16E+01 

1 

.14E401 

1.08E+01 

2330. 

1.22Ef01 

1 

• 14E+-01 

1 . 1 2E+01 

1.08E+01 

1.10E+01 

1 

.07E+01 

1.00E+01 

2335. 

1.34E+01 

1 

• 1 3E  + 01 

1 .08E+01 

1.03E+C1 

1.03E*01 

9 

.86E-00 

9.13E-00 

2340. 

1.44E+01 

1 

» 10E+01 

1.04E+01 

9.85E-00 

9.70E-00 

9 

.22E-00 

8.52E-00 

2345. 

1.53E+01 

1 

.06E+01 

9.90E-00 

9.16E-00 

8.88E-00 

8 

•36E-00 

7.81E-00 

2350. 

1.59001 

1 

•06C+01 

9.50C-00 

8.51E-00 

8.15E-00 

7 

.61E-00 

7.22E-00 

2355. 

1.52E+01 

9 

•45E-00 

8.65E-00 

7.77E-00 

7.36E-00 

6 

.85E-00 

6.50E-00 

2360. 

1.30E+0 1 

8 

.01E*00 

7.60E-00 

6.87E-00 

6.33E-00 

5 

.77E-00 

5.45E-00 

2365. 

1.03E+01 

7 

•27E-00 

7.61E-00 

6.15E-00 

5.56E-00 

5 

.05E-00 

4.66E-00 

2370. 

6.97E-0C 

6 

•43E-00 

5.90E-00 

5.50E-00 

4.58E-00 

4 

.12E-00 

3.67E-0C 

2375. 

4.45E-00 

4 

•95E-00 

5.01E-00 

4.10E-00 

3.7SE-00 

3 

.36000 

2.97E-00 

2380. 

2.65E-00 

3 

.50E-00 

4.10E-00 

2.80E-00 

2.30E-00 

1 

.90E-00 

1.60E-00 

2385. 

1.51E-00 

2 

.28E-00 

3.00E-00 

2.05E-00 

1.70E-00 

1 

•27E-00 

1.15E-00 

2390. 

9.98E'01 

1 

.40E+00 

1.90E-00 

1.40E-00 

1.20E-00 

1 

•00E-00 

9.00E-01 

2395. 

6.25E-01 

7 

.59E-01 

1.20E-00 

1.09E-00 

9.00E-01 

8 

.65C-01 

8.40E-01 

.2400. 

4.03E-01 

5 

.51E-01 

6.63E-01 

8.00E-01 

8.00E-01 

0 

.10E-01 

o 

« 

UJ 

o 

o 

• 

CO 
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transmittance  of  carbon  dioxide  (COg) 
transmittance  of  ozone  (Og) 
transmittance  of  methane  (Cil^) 
transmittance  of  nitrous  oxide  (NjO) 
transmittance  of  nitric  acia  (HNOj) 
transmittance  of  nitrogen  continuum 


Transmittance  through  aerosols,  with: 

ra  = transmittance  through  haze  with  absorption  as  the  attenuating  mechanism 

= transmittance  through  haze  with  scattering  as  the  attenuating  mechanism. 

The  radiation  transfer  equation  is  set  up  in  the  following  way  in  relation  to  the  geometrical 
configuration  of  the  atmosphere  as  shown  in  Figure  76,  with  the  observer,  in  this  case,  at  the 
earth's  surface,  the  target  (or  source)  at  the  n-th  layer,  and  a cloud  deck  at  the  J-th  layer; 
with  the  spectral  radiance  given  by: 

=fs(X)LX*(Ts)Tc<X)Tn(Xi  + *c(X)LA<Tc)t)(X) 


ri+l(X>/Tf(X>] 


♦ Tc(A)2^  L’OTjHtjM  - t1+1(A)/t|(A)]  (322) 

l=j+l 

where  (with  the  subscripts  s and  c referring  respectively  to  source  and  cloud): 

L^(T)  = Planck  radiance  at  temperature,  T 

e(A)  = spectral  emlssivlty 
Tj  = temperature  of  the  l-th  shell, 

Tj(A)  = spectral  transmittance  of  the  atmosphere  irom  the  observer  to  the  i-th  shell, 

t|(A)  a spectral  transmittance  of  the  i-th  shell  as  affected  by  scattering. 

The  scattering  considered  in  Eq.  (322)  is  only  a single  scattering  of  radiation  out  of  the 
llne-of -sight  between  target  and  observer. 
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FIGURE  76.  SCHEMATIC  OF  OPTICAL  PATH  FOR  TRANSMISSION  AND 

RADIANCE  CALCULATIONS 
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7.4.1  TYPES  OF  MODEIB  USED 

Because  the  Aggregate -method  extends  Its  spectral  coverage  from  approximately  1 to  30 
pm,  and  since  it  has  been  found  (Anding,  1967)  that  different  models  are  best  suited  for  differ- 
ent spectral  regions,  the  Aggregate  method  consists  of  a variety  of  models,  with  line  param- 
eters derived  mainly  empirically  from  a number  of  laboratory  measurements.  The  models 
used,  their  regions  of  validity,  and  the  approximate  spectral  resolution  of  the  line  parameter 
data  are  given  in  Table  48.  Temperature  dependence  is  usually  ignored  except  in  special 
cases  ( see,  e.g.,  Section  7.4.1.2c).  The  exact  forms  of  the  equations  describing  the  various 
models  used  in  the  Aggregate  method  are  given  as  follows. 


7.4.1.1  H20  Vapor 

(a)  Strong-Line  Goody  Model  (1  to  2 pm  and  4.3  to  15  pm) 


where 


r(X)  = exp  [w*K(X)] 1//2 


in  pr  cm 


(323) 

(324) 


K(X)  = spectral  coefficient,  given  in  a set  of  tables,  or  stored  in  some  storage  device 
P0  = density  of  air  at  standard  temperature  and  pressure 

M(s)  = HgO  vapor  mixing  ratio  in  gm  H^O  per  gm  dry  air  at  s 

PQ  = standard  pressure  = 760  mm  Hg 

Tq  - standard  temperature  = 288.15  K 

Tq  = temperature  at  which  band  model  parameters  are  defined  usually  *TQ 
R = total  path  length  in  cm 
(b)  Goody  Model  (2  to  4.3  pm  ana  15  to  30  pm) 

t(X)  = oxp  J-wK^Xi/fl  + 2wK2(X)/P’] 1/2]  (325) 


where 


w 


p0 


t 


M(s) 


P(s) 


0 A 

TG)Ab 


in  pr  cm 


(326) 


(327) 

(328) 


TABLE  48.  SUMMARY  OF  BAND  MODELS  USED  IN  COMPUTER  PROGRAM. 
(From  Hamilton,  et  al.,  1973  [ 19]  .) 


Approximate  Coefficient 

Spectral  Region  Resolution  Acquisition  Source  of 

Gas  (/urn)  Orm)  Model  Procedure  Data  Ref. 


h20 

1 to  2 

0.1 

Strong-Line  Goody 

Empirical  Fit  to 
Lab  Data 

Howard,  etal., 
(1955) 

[740] 

2 to  4.3 

0.05 

1 

Goody 

Empirical  Fit  to 
Lab  Data 

Burch,  et  al., 
(1962) 

[234] 

4.3  to  15 

Strong-Line  Goody 

Empirical  Fit  to 
Lab  Data 

Howard,  et  al., 
(1955) 

[2*0] 

6.68  tc  14.95 

HjO  Continuum 

Empirical  Fit  to 
Lab  Data 

Burch  (19 70) and 
Bignell  (1970) 

[»?]• 

15  to  30 

Goody 

Direct  from  Line 
Parameters 

McClatchey,  et 
al.  (1973) 

[138] 

co2 

1.37  to  2.64 

0.2 

Tabular  Data  from 
Strong-Line  Elsasser 

Empirical  Fit  to 
Lab  Data 

Howard,  etal., 
(1955) 

[249] 

2.64  to  2.88 

0.01 

Classical  Elsasser 

Empirical  Fit  to 
Lab  Data 

Burch,  et  al., 
(1962) 

[234] 

4.184  to  4.454 

0.02 

Classical  Elsasser 

Empirical  Fit  to 
Lab  Data 

Bradford,  et  al., 
(1963) 

[242] 

4.465  to  5.3551 
9.13  to  11.67  J 

0.5 

Tabular  Data  from 
Strong-Line  Elsasser 

Empirical  Fit  to 
Lab  Data 

Howard,  et  a!., 
(1955) 

[240] 

11.67  to  19.92 

0.10 

Temperature  Dependent 
Classical  Elsasser 

Empirical  Fit  to 
Line  by  Line 
Spectra 

Drayson  and 
Young  (1967) 

[*«] 

W2° 

4.228  to  4.73 

■B 

Strong-Line  Elsasser 

Empirical  Fit  to 
lab  Data 

Plyler  and 
Barker  (1931) 

[243] 

7.53  to  8.91 

D 

Classical  Elsasser 

Empirical  Fit  to 
lab  Data 

Burch,  et  al., 
(1962) 

[234] 

15.4  to  19.3 

Goody 

Empirical  Fit  to 
Lab  Data 

Burch,  et  al., 
(1962) 

[234] 

N2 

3.76  to  4.83 

Nj  Continuum 

Empirical  Fit  to 
Lab  Data 

Burch,  et  al., 
(1970) 

[188] 

°3 

9.393  to  10.19 

mm 

Modified  Classical 
Elsasser 

Empirical  Fit  to 
lab  Data 

Walshaw  (1957) 

[183] 

11.7  to  15.4 

B 

Goody 

Empirical  Fit  to 
Lab  Data 

McCaa  and 
Shaw  (1968) 

[134] 

ch4 

5.91  to  9.1 

B 

'"lusslcal  Elsasser 

Empirical  Fit  to 
Lab  Data 

Burch,  ct  al., 
(1962) 

[M4] 

hno3 

5.8  to  5.944] 
7.45  to  7.80  ) 
10.9  to  11.67 

0.5 

Goody 

Empirical  Fit  to 
Lab  Data 

Goldman,  et 
aL,  (1971) 

[244] 

240.  J.  N.  Howard,  D.  Burch  and  D.  Williams,  Near -Infrared  Transmission  Through 
Synthetic  Atmospheres,  Geophysics  Research  Paper  No.  40,  Report  No.  AFCRL-TR-55- 
213,  Ohio  State  University,  Columbus,  1955. 

241.  K.  Bignell,  "The  Water  Vapor  Infrared  Continuum,"  Quart.  J.  Roy.  Met.  Sic.,  Vol.  86, 
1970,  pp.  390-403. 

242.  V'.  K.  Bradford,  T.  M.  McCormick  and  J.  a.  Selby,  Laboratory  Representation  of  At- 
mospheric Paths  for  Infrared  Absorption,  Report  No.  DMP  1431,  EMI  Electronics, 
Hayes,  Middlesex,  England,  1963. 

243.  E.  Plyler  and  E.  Barker-  "Infrared  Spectrum  and  Molecular  Configuration  of  NsO," 
Phyc.  Rev.,  Vol.  38,  1931,  p.  1827. 

244.  A.  Goldman,  T.  G.  Kyle  and  F.  S.  Bonomo,  "Statistical  Band  Model  Parameters  and 
Integrated  Intensities  for  ibo  5.9p,  7.5 p,  and  Il.Sp  Bands  of  HNOj  Vapor,"  AppL  Opt., 
Vol.  10,  No.  1,  1971,  po.  65-73. 
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Kj{X)  = spectral  coefficient  (=S/d) 

K2(X)  = spectral  coefficient  (=S/2?ra^0) 
a^Q  = Lorentz  line  half -width  per  unit  pressure 
(c)  HgO  Continuum  (6.68  to  14.95  pm) 

r(X)  = exp  *[(p{c1(X)[C2(X)/C1(X)](T'175)/125} 

+ p{c3(X)[C4(X)/C3(X)3(T‘175)/i25jjw]  (329) 

where  P = pressure  of  the  non-absorbing  gas  in  atmospheres 
p = pressure  of  the  absorbing  gas 
T = absolute  temperature 

Cj(X)  = spectral  coefficient  for  foreign  broadening  at  T = 175  K 
C2(X)  = spectral  coefficient  for  foreign  broadening  at  T = 300  K 
Cg(X)  = spectral  coefficient  for  self  broadening  at  T = 175  K 
C^(X)  = spectral  coefficient  for  self  broadening  at  T = 300  K 
w = (see  above,  Eq,  328) 

The  water  vapor  continuum  equation  was  derived  from  the  work  of  Bignell  (1970),  in 
which  two  temperature -dependent  coefficients  are  used,  one  corresponding  to  foreign-gas 
broadening,  and  one  corresponding  to  self -broadening.  In  accordance  with  the  work  of  Burch, 
et  al.  (1970),  Anding  (private  communication)  devised  an  exponential  interpolatlve  scheme  for 
varying  the  coefficients  with  temperature  in  accordance  with  the  two  fixed,  known  values  at 
300  and  175  K.  Hence,  the  equation  (329).  The  value  175  K was  chosen  as  representative  of 
the  lower  expected  values  of  the  trepopause. 


i 
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with  M'(s)  = ratio  of  partial  pressure  of  absorber  to  total  pressure 
Kj(A)  = spectral  coefficient  (=2 na^/d) 

= Lorentz  line  half -width  per  unit  pressure 

y = /3x/ sinh 

i^KgWw/P  [compare:  - Sw/^jra^J 

^(A)  = spectral  coefficient  (=S/2to^q) 

i0(y)  = associated  Bessel  function  of  zero  order,  Jg(iy) 

Y = value  of  y at  end  cf  path 

(b)  Strong-Line  Elsasser  Model  (2.64  - 2.88  pm  and  4.184  - 4.454  pm) 

Since  this  exact  solution  converges  slowly  for  largo  values  of  x,  the  strong-line  approx- 
imation is  used  for  4*  > 20: 

t(A)  = 1 - erf  [0.5/32^)l/2]  (332) 

where 


crf(£)  = -|J  exp(-t2)dt 

V”J  0 

(c)  Temperature -Dependent  Classical  Elsasser  Model  (11.67  - 19.92  pm) 

The  Aggregate  method  uses  the  classical  Elsasser  model  for  the  15  pm  band  of  COgi 
i.e.,  the  spectral  region  extending  from  11.79  to  19.92  pm.  Transitions  in  this  band,  however, 
are  highly  temperature  sensitive;  therefore,  in  determining  the  equivalent -path  parameters 
for  the  original  version  of  the  method,  Anding  and  Rose  developed  a procedure  for  calculating 
the  equivalent  temperature  of  a variable -temperature  path  for  this  spectral  region.  The  tem- 
perature determined  oy  this  method  is  calculated  in  the  program  from  which  transmlttances 
and  radiances  are  calculated  with  the  Aggregate  method. 


The  transmittance  in  a small  spectral  region,  Ar,  can  be  written  for  the  slant  path  as: 


t(Av) 


slant 


Sjrtj^pfsJds 


, .2  2 
' W + aU 


dr 


(333) 
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For  the  equivalent  homogeneous  path: 


ILfflW  A V 


exp 


'Ai/ 


N 

'Tj; 


ShiaLhi 


*,1 


ir 

L ‘ i=l 


,2  2 

*'0l)  + aLhlj 


dv 


(334) 


where  the  subscript  h signifies  that  the  path  is  homogeneous.  The  density  of  the  gas  is 
/ \ P(s)  T0 

pW-Po-pr-f®' 


and  the  approximate  line  strength  and  width  are  respectively: 

S(T)  = S(T0)(T0/T)3/2  exp  j (335) 

and 

al.  = aL0(T0/T)l/2(P/P0)  (336) 

where  E"  = energy  of  the  lower  state 
k = Boltzmann  constant. 

If  the  strong-line  conditions  are  to  be  considered,  then  the  line  centers  are  completely  ab- 
sorbed, and  only  the  wings  (i.e.,  (v  - i^)2  » cr2j  contribute  to  changes  in  transmittance.  So, 
if  the  exponents  of  Eqs.  (333)  and  (334)  are  equated,  making  the  proper  substitutions,  the  re- 
sult is: 


ds 


(337) 


Maintaining  the  ratios  of  the  strengths  for  the  homogeneous  and  non -homogeneous  paths 
either  constant  or  monotontcally  changing,  the  two  sides  of  Eq.  (337)  can  be  equated  line  for 
line  so  thai  the  summation  signs  can  be  dropped.  The  result  is  solved  for  T^  by  an  iterative 
process. 

It  is  evident  from  Eq.  (337)  that  T^  is  a function  of  wavelength  and  that  it  would  be  neces- 
sary to  compute  a homogeneous  path  for  each  wavelength  of  the  band  under  consideration. 

For  many  atmospheric  applications,  however,  it  is  possible  to  eliminate  this  spectral 
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dependence.  Referring  to  Eq.  (335)  and  recalling  that  E”  increases  with  S’jecti-a’  distance 
from  its  fundamental  transition  frequency,  it  can  be  deduced  that,  near  the  center  where 
E"  is  small,  the  Tq/T  term  dominates  the  expression  for  S.  In  the  wings,  E”  fr  large  and  the 
exponential  term  becomes  the  primary  factor.  But  the  variability  of  S in  ihe'.*  /n.-ions  is 
such  that  by  computation,  spectral  equivalent  temperatures,  T^,  vary  by  oiJy  a t or  4 K for  a 
path  looking  straight  up  through  the  atmosphere.  For  practica’  purposen,  eirors  of  this  mag- 
nitude do  not  seriously  limit  the  accuracy  of  the  band  model  and  therefore  a weighted  mean  is 
used  as  a constant  for  the  value  of  E". 

Absorption  calculations  are  made  therefore  using  band  model  parameters  derived  at  the 
temperature  of  the  single  homogeneous  path.  A complete  capability  would  then  consict  of  an  a 
priori  knowledge  of  the  abcorption  coefficients  as  functions  of  wavelength  and  temperature. 
For  the  Aggregate  method,  in  order  to  minimize  the  time  and  cost  of  carrying  out  the  fit- 
ting procedu-e  for  many  temperatures,  two  extremes  in  temperature  were  chosen  (300  K 
and  220  K)  to  perform  the  fit;  and  a temperature  interpolation  scheme  was  devised  to  yield 
the  ah.  orption  coeffk  .ents  for  all  intermediate  temperatures. 

The  values  of  the  coefficients  were  calculated  from: 

A.e^-tyr,) 

a m« 


and 


<3 


A3  exp  - T^) 


(339> 


where  A^,  Ag,  A3  and  A^  are  the  spectral  parameters  to  be  used  for  Eq.  (330) 

(d)  Empirical  Model  (Using  Tabular  Data)  (1.37  - 2.64  pm,  4.465  to  5.355  pm  and  9.13  to 
IT.BT’pm) 

A simple  empirical  model  la  used  in  the  Aggregate  method  for  the  spectral  region  be- 
tween 4.465  and  5.355  pm.  Altshuler  [245]  related  the  transmittance  in  his  model  to  the  ar- 
gument w*K(A)  so  that 

r = t(w*K(A))  (340) 


245.  T.  L.  Altahulter,  IiJrared  Transmission  and  Background  Radiation  bjr  Cleir  Atmo- 
sphere*, No.  61SD1C9,  General  Electric  Co.,  196'.,  140  pp. 

299 


2i! 


rO*Mt»Lr  WILLOW  HUN  lABORATOM'th,  T Ml  JN»V  t MS  IT  Y OF  MICHIGAN 


K(X)  = spectral  coefficient 
M'(s)  = (see  Eq.  (331)). 


(341) 


The  Altshuler  model  was  adopted  for  the  spectral  region  mentioned  and  the  values  of 
K(X)  ant  w*K(X)  are  tabulated.  The  transmittance  for  any  given  condition  is  obtained  by  inter- 
polation between  tabulated  vaiues. 


7.4. 1.3  O, 

(a)  Goody  Model  (11.7  to  15.4  pm) 

In  calculating  the  transmittance  in  the  spectral  region  from  11.7  to  15.36  pm,  the  Aggre- 
gate method  uses  the  Goody  model  as  specified  bv; 

r(X)  = exp  J -wKj(X)/[l  + K1(X)w/4PK2(X)]  1/2J  (342) 

where  K^x),  K2(X)  are  spectral  parameters.  The  values  w and  P are  calculated  as  pre- 
viously shown. 

(b)  Modified  Elsasser  (9.398  to  10.19  pm) 

For  the  spectral  region  from  9.398  to  10.19  pm,  the  classical  Elsasser  model  is  used 
with  the  parameter  p Modified  to: 

9"("^)(^)cW  (M5> 

where  c(X)  = spectral  parameter. 

7.4. 1.4  HNOj 

Goody  Model  (5.8  to  5.944  pm,  7.45  to  7.80  pm.  and  10.9  to  11.67  pm) 

As  shown  in  Table  48,  the  Goody  model  is  used  for  nitric  acid  In  all  spectral  regions  and 
the  equation  defining  its  transmit+ance  is  given  in  Eq.  (342),  with  the  spectral  parameters 
specific  to  HNOj.  It  will  be  noted  that  the  form  of  Eq.  (342)  is  slightly  different  from  that 
given  for  HgO  vapor  In  Eq.  (325). 

7.4. 1.5  CH4 

Elsasser  Model  yo.fr  1 to  9,1  pm) 

As  shown  in  Tabic  48,  the  classical  Elsasser  model,  represented  by  Eqs.  (330)  and  (331), 
is  used  to  calculate  the  transmittance  of  methane. 
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7.4. 1.6  N2 

Continuum  (3.76  to  4.83  pm) 

The  Aggregate  method  for  transmittance  in  the  Ng  continuum  region  is  adopted  directly 
from  the  work  of  Burch,  et  al.  (1970)  covering  Ihe  spectrum  from  3.76  to  4.83  pm,  and  is 
given  by : 

t(X)  = exp  -[Kg(X)wg  ♦ Kf(X)w(]  (344) 

where  Kg(x)  and  K^(X)  are,  respectively,  the  spectral  coefficients  tor  self -broadening  and 
foreign  broadening;  and  wg  and  w{  are  described  as; 

Tt  "1 


f p»(r)' 

^2.69 

Jo  - V 


fRP*(r)P*<r)  rrl 
Wf  * 2.69  I p—  f(?y  ' 

■'o  Fo  L J 


•21  2 | 

given  in  the  units  (10  -molecules-atm/cm  ).  The  P and  P*  are,  respectively,  the  effective 
pressures  for  self -broadening  and  foreign  gas  broadening,  and  are  given  by: 


pf.p0i(«.o.ooip0yp0) 


(348a) 


with  PM  and  Pn  , respectively,  the  partial  pressures  of  nitrogen  and  oxygen. 
w2  u2 

7.4. 1.7  NaO 

(a)  Strong-Line  Elsasser  Model  (4.228  to  4.73  pm) 

!n  the  apeciral  region  from  4.228  to  4.73  pm  the  strong-line  rpproxlmatlon  to  the  Elsasser 
mode!  is  used  In  the  fo  m shown  in  the  following  equation: 


r (a ) - l - erf  [w*K(X)]1/2 


(348b) 


( 

i 
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wnere  K(X)  = spectral  coefficient 


(b)  Classical  Elsar.ser  (7.53  to  8.91  p m) 

In  the  spectral  region  from  7.533  to  8.909  pm,  the  classical  Elsasser  model  is  used,  as 
demonstrated  in  Eq.  (330)  and  by  the  equation  below  Eq.  (330)  defining  the  equivalent  amount 
of  absorber. 

(c)  Goody  Model  (la. 4 to  19.3  pm) 

For  the  spectral  region  from  15.408  to  19.231  pm,  the  form  of  the  Goody  model  repre- 
sented by  Eq.  (342)  is  used  and  the  optical  depth  Is  defined  as  in  the  case  of  Og  where  this 
equation  is  used. 


7.4.2  SCATTERING 

In  addition  to  gaseous  absorption  by  atmospheric  mo!  icules,  the  Aggregate  method  (see 
Hamilton,  et  al.,  1973)  accounts  also  for  the  single  scattering  of  radiation  from  the  observed 
target  out  of  the  line-of-sight,  caused  by  particles  in  the  atmosphere.  The  model  uses  a 
maritime  haze  distribution  (see  Section  10)  in  the  equation: 


Text(X)  = e 


-bext<X>'< 


(349) 


representing  extinction  by  particles,  where  bext(X)  is  the  wavelength  dependent  extinction 
coefficient  and  f is  the  path  length.  The  two  parts  of  the  extinction  coefficient,  bft(X)  and 

b (X),  for  the  absorption  and  scattering,  respectively,  are  accounted  for  in  the  following 

6 3 

equations  in  terms  of  the  particle  radius,  r,  and  size  distribution  per  cm  , N(r): 


bext^  ■J>-  (X,  r)^r^N(r)dr 


and 


b „(X)  = f Qj\,  r)ar2N(r)dr 
•>0 


(350) 


(351) 


where  the  efficiency  factors  Qex^  and  Qg  are  obtained  from: 

Qext(x»  r)  = + Roal  fAJx>  ni(X))  + Bjx,  m(X)]} 

x n4 

and 


(352) 
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Qs(x’  r)  = 42(2n  + i){lAJx’m(x)]l2+  lRn[x»  m<x)J|2}  (353) 

x n=l 

where:  x = 2ifr/X 

m(X)  = complex  Index  of  refraction  of  the  scatterers 
An,  Bn  = scattering  parameters. 

For  a more  detailed  discussion  of  the  scattering  phenomenon,  the  reader  is  referred  to 
Section  2. 

In  the  Aggregate  method  the  total  scattering  in  the  path  is  accounted  for  by  accumulating 
the  effect  in  the  non -homogeneous  atmosphere  over  the  various  layers  so  that 

t(X)  = exp  {-{bext(A)]  1<1}  x exp  {-[bext<xH2£  2^  * * * * 

...xexp{-[bext(X)]nfn}  (354) 

The  Aggregate  methods  allows  the  particle  distribution  to  remain  constant  with  altitude  with 
only  the  particle  density  varying.  Since  the  extinction  coefficient  is  normalized  to  the  effect 
by  1 particle/cm  , the  transmittance  is  given  by: 

Text(X)  = exP  |-lbext(X)l£Dl,i| 

where  D.  = I N(r)dr  is  the  particle  density  in  the  i-th  layer. 

1 J 0 

7.4.3  RECENT  TECHNIQUES  IN  BAND  PARAMETER  CALCULATION  SUGGESTED 
FOR  THE  AGGREGATE  METHOD 

7.4. 3.1  Description  of  the  Technique 

Rose  [246)  has  suggested  in  an  unpublished  paper  that,  in  an  attempt  to  retain  the  ilm- 
plicity  and  the  low-cost  advantage  of  the  band  model  for  spectral  regions  where  few  good 
laboratory  data  existed,  and  at  the  sa:  if  time  to  make  use  of  high  resolution  Information  re- 
sulting from  a llne-by-line  approach,  an  up-to-date  concept  in  band  modeling  be  evolved. 
Indeed,  Andlng  (1974)  has  begun  to  revise  lines  in  the  middle -to -long  IR  region  by  this  tech- 
nique in  hib  newer  version  of  the  Aggregate  method.  The  calculation  approach  differs  from 
the  original  In  that  the  band  model  utilizer  absorption  coefficients  derived  from  some  of  the 
basic  data  generated  in  a line-by-line  method. 


246.  H.  Rose,  Private  communication  - Line  Parameter  Determination  of  Bond  Model 
Parameters,  1974. 
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Rose  presented  the  details  pertinent  to  the  derivation  of  the  model  for  the  15  p band  of 
C02  using  the  Elsasser  model.  This  spectral  region  was  chosen  for  the  initial  work  because 
of  the  "conspicuous  lack  of  good  modeling  procedures,"  and  also  because  of  the  added  em- 
phasis of  newer  technology  in  the  long  wavelength  infrared.  The  analysis  indicates  the 
model's  worth  and  a discussion  regarding  its  application  to  atmospheric  slant  paths. 

In  choosing  the  approach,  Rose  adopted  Drayson’s  (1967)  development  of  rigorous  iine- 
ty-llne  '.omputational  capability  in  the  15  /xm  band.  The  spectra  he  obtained  (see  Figure  77) 
resulting  from  Drayson's  technique  compare  very  well  to  both  laboratory  homogeneous  data 
and  to  field  measurement  spectra  obtained  at  high  resolution  (up  to  0.1  cm’*).  It  was  con- 
cluded, therefore,  that  a band-model  calculation  of  the  parameters  2na^{\)/d  and  S(X)/d, 
based  upon  spectra  produced  by  the  Dravson  technique,  could  be  developed  *■»  produce  more 
reliable  spectra  than  from  previous  models. 

The  details  involving  the  complete  specification  of  the  band  model  parameters,  the  so- 
called  "fitting"  procedure,  are  documented  elsewhere  (Gee  Section  5).  Otherwise,  Rose  pre- 
sented the  following  pertinent  Insights.  First,  it  is  considered  essential  that  application  of 
the  model  be  extended  to  absorber  concentrations  and  pressures  that  are  encompassed  by  the 
data  used  to  perform  the  fit.  This  precaution  insures  that  extrapolation  of  the  original  data 
need  not  be  made.  Also,  since  it  is  desired  to  apply  the  model  later  to  slant  path  calcula- 
tions, (w,  P)  pairs  were  chosen  for  the  initial  synthesis  of  spectra  to  represent  a wide  variety 
of  atmospheric  paths  and  at  the  same  time  yield  a full  range  of  absorptance  values  for  each 
An. 

These  requirements  point  out  an  important  advantage  in  using  "synthetic"  rather  than 
laboratory  data  to  perform  the  fit.  Certain  extreme  path  conditions  are  difficult  ’I  not  im- 
possible to  achieve  in  the  laboratory,  whereas  the  rigorous  method  is  not  limited  to  as  great 
an  extent  by  these  practical  considerations.  Thus,  the  line-by-line  method  can  presumably 
supply  spectra  for  the  full  extent  of  optical  depth  and  pressure  values.  Thip  advantage  is 
most  Important  at  low  values  of  pressure.  For  this  condition,  a second  type  of  Hnc  broaden- 
ing becomes  important,  the  purely  temperature  broadened  Doppler  line.  The  Drayson  pro- 
gram applies  a mixed  Doppler -Lorentz  line  shape  for  pressures  below  100  mb  while  retain- 
ing the  pure  Lorentz  shape  for  higher  pressures.  Using  llne-by-llne  synthetic  data  in  the  fit- 
ting procedure  yields  a band  model  technique  which,  at  small  pressures,  compensates  for  the 
model’s  inherent  Inability  to  handle  the  Doppler  broadened  line.  At  the  same  time,  it  can  be 
seen  that  band  model  methods  derived  directly  from  line  parameters  could  not  handle  the 
Doppler-Lorentz  line  shape  without  destroying  the  band  model's  cost  time  advantage  over  a 
llne-by-llne  approach. 
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The  Drayson  program  was  used  to  calculate  spectra  at  300  K for  each  path  chosen  and 
the  data  were  smoothed  to  5 cm  * resolution  with  points  every  2 cm"'.  The  mechanics  of 
determining  the  best  parameters  or  absorption  coefficients  at  each  were  handled  by  a 
least -squares  minimization  technique  programmed  by  Baumelster  and  Marquardt.  This  meth- 
od minimizes  the  suras  of  the  squares  of  the  differences  between  the  absorption  calculated  by 
Drayson  and  that  calculated  by  the  Elsasser  model  for  all  the  paths  In  question.  The  band 
model  parameters  were  thus  obtalnea  throughout  the  500-850  cm*1  Interval  consistent  with 
the  resolution  of  the  line-by-line  smoothed  data.. 

7.4. 3.2  Evaluation  of  the  Technique 

To  evaluate  the  band  model,  comparisons  were  obtained  among  spectra  produced  by  the 
model  and  two  other  sources  of  homogeneous  data.  It  is  expected,  however,  that  for  non- 
homogeneous  paths,  with  temperature  variations,  the  limitation  in  accuracy  will  be  the  same 
as  with  the  models  incorporating  parameters  derived  from  laboratory  data.  The  first  set  of 
spectra  (Fig.  77),  exhibits  the  ability  of  the  model  to  reproduce  the  spectra  of  Drayson  from 
which  the  parameters  were  determined.  In  addition  to  the  band  model  results  and  Drayson’s 
data,  Figure  77(a)  also  presents  a curve  obtained  by  the  method  of  Altshuler  (1961).  The  lat- 
ter, having  In  the  past  been  considered  as  state-of-the-art,  Is  presented  for  comparison. 

It  appears,  in  comparing  the  result  of  the  new  technique  with  the  "exact"  calculation,  that 
the  major  areas  of  large  discrepancies  are  the  very  Intensely  absorbing  Q -branches,  In  which 
results  were  not  expected  to  be  the  quality  of  other  spectral  Intervals.  One  general  problem 
experienced  with  the  Elsasser  mcdel  In  theLe  regions  '.s  the  tendency  to  overpredict  absorp- 
tion for  large  values  of  absorptivity  and  under -predict  for  small  values.  Jn  an  attempt  to  im- 
prove accuracies  in  the  intense  regions,  "synthetic"  data  were  also  fitted  to  the  Goody  model. 
The  standard  errors, 


* A(I)Model) 2 

where  N is  the  number  of  data  points  or  paths,  were,  however,  consistently  greater  for  the 
statistical  model  than  the  ElsasBer  model. 

7.4.4  COMPARISONS  OF  CALCULATED  VALUES  AND  THE  VALUES  FROM  FIELD 
EXPERIMENTAL  DATA 

The  following  figures  portray  comparisons  between  spectra  calculated  by  the  Aggregate 
method  and  others  obtained  experimentally  in  field  measurements. 


N-y/ £[A(I) 


Drayson 
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Figure  7 8,  obtained  from  Anding  [247]  compares  the  calculated  values  with  the  measured 
values  of  Yates  and  Taylor  [248]  for  relatively  small  quantities  of  absorber. 

Figure  79, calculated  for  this  report,  compares  the  calculation  with  measured  values  of 
Taylor  and  Yates  [249]  for  a larger  path  and  larger  quantities  cf  absorber. 

Figure  80,  also  calculated  for  this  report,  compares  the  calculation  with  measured  values 
of  Taylor  and  Yates  (1957)  for  a still  larger  path  and  larger  quantities  of  absorber. 

Figure  81,  calculate!  for  tl  's  report,  compares  the  calculation  with  the  measured  values 
of  Streete  [250]  for  a 25  km  pa*  . and  relatively  large  quantf'ies  of  absorber. 

Figure  82,  calculated  for  *i:ls  report,  compares  the  calculation  with  the  measured  values 
of  Ashley  [251]  lor  a 12  km  path  and  absorber  amounts  intermediate  to  the  values  of  Taylor 
and  Yates  and  of  Streete.  No  scattering  is  calculated. 

A lack  of  perfect  agreemer  ■ ;an  be  attributed  to  a number  of  things  in  addition  to  the 
naturally  limited  accuracy  of  t id  models.  In  the  first  place  we  have  used  the  generalized 
scattering  calculation  in  the  Ap  .re gate  program  which  may  not  account  for  actual  conditions 
and  by  virtue  cf  which,  at  shorter  wavelengths,  the  difference  might  be  sizable.  Also  some  o" 
the  quantities  of  HgO  vapor  are  quite  large  creating  a situation  to  which  it  becomes  difficult 
to  extrapolate.  For  reasonable  quantities  of  HgO  vapor  and  with  a reasonable  understanding 
of  atmospheric  conditions,  the  agreement  is  expected  to  be  better. 

Even  with  good  agreement  we  still  have  only  ’imited  comparisons  because  there  are  no 
conditions  reproduced  experimentally  for  which  calculated  and  measured  values  have  bee” 
compared  for  slant  paths,  particularly  in  a controlled  environment.  See,  however,  the  con- 
ditional comparisons  with  Nimbus  data  shown  in  Section  9. 

7.5  LOWTRAN  2 METHOD 

The  LOWTRAN  code  covers  the  spectral  range  from  0.25  to  28.5  pm  (350  to  40,000  cm-1) 
with  line  parameters  defined  to  a resolution  of  20  cm’*,  spaced  apart  in  steps  of  5 cm-*.  The 
calculation  is  made  on  an  atmosphere  represented  by  a 33  -layer  model  of  altitudes,  pressures, 


247.  D.  Anding,  Private  Communication,  New  Technique  in  Parameter  Calculation,  1974. 

248.  H.  W.  Yates  and  J.  H.  Taylor,  Infrared  Transmission  of  the  Atmosphere,  NHL  Report 
5453,  Naval  Research  Laboratory,  Washington,  D.  C.,  I960. 

249.  J.  H.  Taylor  and  H.  W.  Yates,  "Atmospheric  Transmission  in  Infrared,”  J.  Opt.  Soc. 
Am.,  Vol.  47,  No.  3.  1957,  pp.  223-226. 

250.  J.  L.  Streete,  "Infrared  Measurements  of  Atmospheric  Transmission  at  Sea  Level," 
Appl.  Opt.,  Vol.  7,  No.  8,  1968,  pp.  1545-1549. 

251.  G.  Ashley,  Private  communication,  1974. 
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FIGURE  79.  COMPARISON  BETWEEN  TRANSMITTANCES  CALCULATED  BY  THE  AGGREGATE  METHOD 
AND  THE  EXPERIMENTAL  DATA  OF  TAYLOR  AND  YATES  (1957  [249]).  H,0  = 13.7  pr  mm.  (Continued) 
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FIGURE  79.  COMPARISON  BETWEEN  TRANSMITTANCES  CALCV. 
AGGREGATE  METHOD  AND  THE  EXPERIMENTAL  DATA  OF  TAT  ’ 
YATES  (19o7  [249 j.)  (Concluded) 
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(b)  Experimental 

FIGUHE  00.  COMPARISON  BETWEEN  TRANSMITTANCES  CALCULATED  BY  THE  AGGREGATE 
METHOD  AND  THE  EXPERIMENTAL  DATA  OF  TAYLOR  AND  YATES  (1957  [ 249]  .) 

(Concluded) 
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FIGURE  81.  COMPARISON  BETWEEN  TRANSMITTANCES  CALCULATED  BY  THE  AGGREGATE  METHOD  AND 
THE  EXPERIMENTAL  DATA  OF  STREETE  (193d  [250]).  Path  length  = 25  km,  amount  of  H?0  = 21.5  pr  cm. 
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PATH  LENGTH  - 39.000  FEET  TEMPERATURE  - ES*F  DATE  - NOV  13.  1972 

SPECTRAL  RESOLUTION  - 2 cnT1  TOTAL  HjO  - 10  cm  TIME  - 20:39  PST 


SOURCE  ALT.  - 3778  FT  KSL 
RECEIVER  ALT.  - 790  FT  MSL 


(b)  Experimental 


FIGURE  82.  COMPARISON  BETWEEN  TRANSMITTANCES  CALCULATED  BY  THE 
AGGREGATE  METHOD  AND  THE  EXPERIMENTAL  DATA  OF  ASHLEY  (PRIVATE 
COMMUNICATION).  Path  length  = 39  Kft,  amount  of  HgO  = 10  pr  cm.  (Concluded) 
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temperatures,  etc.  (see  Section  10),  derived  from  the  1962  U.  S.  Standard  Atmosphere  and  its 
Supplements.  The  path  of  the  transmitted  beam  is  considered  to  be  refracted  (see  Appendix) 
by  changes  in  atmospheric  density,  and  this  fact  is  taken  into  account  in  the  program  in  a sub- 
routine which  is  optional. 

7.5.1  METHOD  OF  DEVELOPMENT 

The  LOVVTRAN  2 modei  (Selby  ana  McClatchey,  1972)  is  the  most  clearly  empirical  of 
the  so-called  band  models  in  that  it  takes  on  no  analytically  recognizable  functional  structure. 
In  this  way,  it  resembles  the  technique  by  Altshuler  (1961)  in  the  development  of  the  empirical- 
functional  form  of  the  transmittance  by  C02  in  the  spectral  regions  for  which  the  Elsasser 
model  is  deficient.  The  procedure  used  for  presenting  the  data  is  also  reminiscent  of  the 
Altshuler  report,  wherein  a series  of  nomographs  are  included  from  which  it  is  possible  to 
determine  all  of  the  quantities  needed  for  determining  transmittance  once  the  atmospheric 
conditions  have  been  established. 

The  functional  form  cf  the  average  transmittance  over  the  20  cm  * spectral  interval  ob- 
tained as  a result  of  molecular  absorption  is  given  in  terms  of  w*,  the  equivalent  amount  of 
absorber  as: 


r = ftt^,  w*) 


where 


w*  = w{^Vt&} 


(355) 


(356) 


with  w = amount  of  absorber 

n = empirically  determined  coefficient  from  laboratory  experimental  data  and  from 
calculations  using  the  AFCRL  line  parameier  compilation. 

One  may  note  the  similarity  between  this  expression  and  the  exprec-sion  used  by  Altshuler, 
which  was: 


r(X)  = f 


! \n 
/SwA/^L) 

\ d/l  d J 


(357) 


where  r(X)  reduces  to  the  weak-  and  strong-line  limits  respectively,  i.e., 


r(X)  = 1 - and  r(X) 


■f?) 


when  n = 0 and  n = 1.  The  vrlues  of  n in  the  intermediate  case  of  the  LOWTRAN  method 
have  been  calculated  as  follows: 
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n = 0.9  for  HgO 
n = 0.4  for  Og 

n = 0.75  for  the  so-called  uniformly  mixed  gases  (i.e.,  COg,  NgO,  CO,  CH4  and  Og). 

A comparison  of  Eqs.  (355)  with  (357)  shows  an  Implicit  neglect  of  the  temperature  dependence 
of  S. 

Writing  Eq.  (355)  in  a more  general  form  expressing  n explicitly: 

= f (C(r)wPn)  (358) 

shows  the  functional  relationship  of  the  parameters,  with  the  temperature  dependence  of  the 
half -width  apparently  being  either  ignored  or  assumed  in  the  value  of  C(r).  Inverting  Eq.  (358) 
yields: 

C(r)wPn  = f~1{r(n)}  (359) 

and,  taking  logarithms: 

n log  P + log  w = log  f \t)  - log  C(v)  (360) 

Selby  [252]  has  provided  the  format  for  performing  the  data  fit  to  Eq.  (360)  which  requires  a 
large  quantity  of  data  plotted  in  the  form  shown  in  Figure  83.  T^J\v)  vs  log  w is  plotted  in 
groups  or  families  of  curves  corresponding  to  fixed  pressures,  Pj,  Pg,  Pg,  etc.  The  t 
are  the  transmittance  values  obtained  from  laboratory  experimental  data  or  calculated  from 
the  line  parameters  In  the  aFCRL  compilation,  and  averaged  over  20  cm'*  to  represent  the 
final  resolution  of  the  LOWTRAN  results.  The  value  of  v,  the  central  frequency  in  the  20 
era-1  Interval,  is  also  fixed  in  each  set  of  curves  represented  by  Figure  83.  Thus,  for  a fixed 
value  of  t as  shown,  several  values  of  w corresponding  to  the  various  curves,  repre- 
sented by  the  different  pressures,  are  obtained.  Since  the  right  side  of  Eq.  (360)  Is  constant, 
the  simultaneous  solutions  of  two  linear  equations  provide  a value  of  n. 

Thus,  for  each  curve  in  Figure  83,  Eq.  (360)  can  be  written: 

n log  Pj  + log  Wj  = const. 

in  which  the  1 designates  the  i-th  curve  (i  = 1,  2,  3,  . . .)  and  the  constant  involves  the  constant 
values  of  r and  v.  A value  of  n can  then  be  obtained  for  any  pair  of  curves.  Selby  carries  out 
this  procedure  for  a large  number  of  frequencies  covering  the  important  absorption  bands 


252.  J.  Selby,  Atmospheric  Transmittance,  I.,  Advanced  IR  Conference  Notes,  University  of 
Michigan  Summer  Conference,  Ann  Arbor,  1974. 
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for  each  molecule.  In  this  way,  a mean  value  of  n is  calculated  for  each  molecule.  These 
values  are  reproduced  as  follows: 


Absorber 

n 

Spectral  Regions 

h2° 

0.9 

2.7,  6.3,  20-30  pm 

°3 

0.4 

4.7,  9.6,  14  pm 

T’niform  Mixed 

(co2  + n2o  + . . .) 

0.75 

3-5,  7-10,  14-1  f 

The  next  step  in  ihe  procedure  is  to  plot  the  curve  r ^ (v)  as  a function  of  log  wPn  for 
each  frequency,  using  tl'2  previously  calculated  mean  value  for  n,  yielding  a plot  demonstrated 
schematically  in  Figure  S'.  The  curie  most  representative  of  the  scattered  points  In  Fig- 
ure 84  (the  solid  cur/e)  is  o'gitized  for  the  LOTV'TRAN  computer  code,  and  is  displayed  also 
as  the  one-dimensional  non-linear  transmittance  scale  and  associated  scaling  factor  in  ihe 
curves  shown  In  Figure  85.  The  final  step  is  to  determine  .he  value  of  C(v)  for  each  frequency, 
which  produces  the  curve  in  each  of  the  graphs  of  these  'igures.  Resorting  again  to  Eq.  (36C), 
the  value  log  C(u)  is  solved  from: 

log  C(v)  = log  |f_1(7 j - log  wPn 

and  the  curve  in  Figure  84.  Thus,  the  intercept  on  the  abscissa  corresponding,  via  the  curve, 
to  the  value  of  r is,  in  reality,  log  {f  _1(x)}  = log  wPn  + log  C(r).  The  value  of  the  abscissa 
corresponding  to  log  wPn  is  also  calculated.  The  difference  between  these  two  points,  is, 
therefore,  the  value  oi  C(n).  By  repeating  this  procedure  for  a large  number  and  variety  of 
w and  P,  l.e.,  absorber  concentrations  and  pressures,  an  average  C(r)  can  be  obtained  for 
each  v.  As  the  procedure  is  repeated  for  a large  number  of  v -values,  the  input  to  the  produc- 
tion of  curves  represented  by  Figure  85  is  provided. 

The  curves  of  Figure  86  show  the  plot  of  actual  data  from  which  the  analytical  curves  are 
constructed.  One  is  for  ozone  at  v = 1060  cm  1 for  the  family  of  pressures  shown;  and  the 
other  is  for  the  uniformly  mixed  gases  at  v = 22G0  cm”  . Note  that  the  final  curve  Is  used  tc 
represent  the  desired  function  in  each  case,  and  that  the  points  are  packed  reasonably  close, 
showing  that  a single  function  approximates  transmittance  through  the  gas.  Note  also  that  the 
first  and  second  curves  in  each  sei  represent,  respectively,  the  plot  of  the  same  data  in  terms 
of  the  weak-  and  strong-lir.e  functions.  The  disparity  is  obvious,  as  K should  be  in  these 
cases  in  which  the  optical  depths  are  intermediate  to  those  which  would  produce  the  limiting 
effects. 

Once  the  function,  f,  is  plotted  against  a standardized  amount  cf  absorber  for  a given  fre- 
quency, a scale  Is  established  between  the  two  so  that  a transmittance  curve  common  to  all 
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FIGURE  83.  SCHEMATIC  Ol  1‘ PE  PLOT 
OF  DATA  FOR  CALCULATlt.  i ! OWTRAN 
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FIGURE  84.  SCHEMATl  iMPOSITE  OF 
ADJUSTED  DATA,  rA  < . HSUS  LOG  w Pn 
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(Reproduced  from  McClatchey,  et  al.,  1972  [21] .) 
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FIGURE  86.  EXAMPLE  SHOWING  THE  DEVELOPMENT  OF  TRANSMITTANCE  FUNC- 
TIONS FOR  OZONE  AND  THE  UNIFORMLY  MIXED  GASES.  (From  Selby,  1974 [252].) 
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values  of  the  absorber  can  be  plotted  as  in  Figure  85,  with  only  a vertical  movement  of  the 
scale  shown  at  the  right  of  the  figure  causing  the  curve  to  represent  a new  absorber  configu- 
ration. Selby  and  McClatchey  (1972)  describe  a compter  code  from  which  calculations  of  at- 
mospheric transmittance  can  be  made  with  a given  set  of  inputs.  Using  the  LOWTRAN  model, 
McClatchey,  et  al.  (1972)  have  published  a set  of  curves  from  which  rudimentary  determina- 
tions ca.'  be  made  quickly  and  with  reasonable  accuracy,  without  resorting  to  the  computer. 
Figure  85  is  an  example  of  the  set. 

These  curves,  which  will  be  described  subsequently,  are  useable  for  any  kind  of  •<ath, 
i.e.,  constant  at  various  altitudes,  or  for  slant  paths.  Since  the  curves  are  plotted  for  stan- 
dard conditions,  the  equivalent  path  conditions  must  be  determined  before  the  curves  can  be 
used.  The  determination  of  these  equivalent  path  conditions  is  made  on  the  basis  of  a set  of 
graphs  (see  next  section),  similar  to  thoce  by  Altshuler  (1961).  One  notes,  in  reference  to 
Section  7 .1  on  the  Aggregate  method,  that  part  of  the  Aggregate  code  uses  the  results  of 
Altshuler's  Investigation  as  input  parameters. 

The  LOWTRAN  2 model  calculates  transmittance  as  affected  by  HgO  vapor,  O^  and  the 
so-called  uniformly  mixed  gases,  i.e.,  CO^,  NjO,  CO,  CH^,  Og.  It  includes  also  the  effect 
of  Nj  in  a continuum  in  the  4.3  pm  region,  and  H20  in  a continuum  in  the  10  pm  region.  In 
addition,  it  includes  the  effect  on  transmittance  due  to  scattering  by  molecules  and  aerosols, 
fiom  the  point  of  view  only  of  single  scattering. 

7.5.2  DETERMINATION  OF  ABSORBER  AMOUNT 

In  using  the  curve  of  transmittance  vs  frequency  shown  in  Figure  85,  it  is  necessary  first, 
by  using  curves  similar  to  those  in  Figure  87,  to  determine  the  equivalent  quantity  of  absorber 
in  a slant  path  to  apply  to  the  transmittance  curves.  The  set  of  curves  depicting  the  absorber 
amount  have  been  obtained  from  the  following. 

7.5. 2.1  Water  Vapor  (HgO) 

If  the  path  is  horizontal  then,  at  the  altitude  for  which  pressure  is  P: 


is  used  to  calculate  the  equivalent  amount  of  absorber.  The  H„0  vapor  concentration  is  given 

2 ^ 
by  w(z)  gm/cm  /kn?.  The  range,  R,  In  km  is  multiplied  by  the  appropriate  value,  which  is 

plotted  in  the  report  by  McClatchey,  et  al.  (1972).  For  determining  the  equivalent  absorber 

amount  in  a slant  path,  one  uses  the  curve  in  Figure  67  obtained  from: 


0 


S 0 15  K)  IS  50  40  SO  *0  70  #0  *0  K0 

Atriruoc  (l*>» 


FIG 'J UK  07.  EQUIVALENT  SEA  LEVEL  PATH  LENGTH  OF 
WATER  VAPOR  AS  A FUNCTION  OF  ALTITUDE  FOR  VERTI 
CAL  A I V.03PHERIC  PATHS.  {Reproduced  from  McClatcbey, 
et  al.,  1972  (21).) 
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From  this  curve  Is  obtained  the  value  In  a vertical  path  between  the  altitude  shown  on  the  ab- 
scissa and  Infinity.  The  amount  In  a slant  path  between  two  altitudes  is  determined  by  the  dif- 
ference In  the  values  obtained  at  the  two  altitudes  multiplied  by  the  secant  of  the  angle  between 
the  upward  vertical  and  the  slant  path.  Corrections  for  refraction  and  earth  curvature  are 
given  by  McClatchey,  et  al.  (1972)  for  angles  greater  than  80°.  Each  curve  In  the  family  of 
curves  in  this  figure  represents  a model  atmosphere  as  described  in  Section  10.  Similar 
curves  are  to  be  found  in  McClatchey,  et  al.  (1972). 


7.5. 2.2  Ozone  (Oj) 


For  ozone,  the  equations  are  similar  with: 


w**=w(z)^p~J  (363) 

for  the  horizontal  path,  with  w(z)  in  (atm-cm)/km.  For  the  slant  path,  the  vertical  component 
is  calculate'!  from: 


’’‘I 


oo  / \0.4 


w(z)  p-J  dz 


quantities  w(z)^-j  and  ^ w(z )(^T~J  dz , 


The  curves  representing  the 


respectively,  are 


to  be  found  in  McClatchey,  et  al.  (1972). 


Foi  the  spectral  region  between  0.25  and  0.75  pm,  the  absorption  coefficient  is  Independent 
of  pressure,  and  the  absorber  curves  take  on  a slightly  different  character.  See  McClatchey, 
et  al.  (1972). 


7.5. 2.3  Uniformly  Mixed  Gases  (COg,  NjO,  CO,  ClI^,  Og) 


For  the  uniformly  mixed  gases,  with  c the  frictional  concentration  by  vol-ime,  the  amount 
of  absorber,  reduced  to  standard  conditions,  is: 


w « cR 
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The  value  of  n used  for  determining  the  equivalent  amount  is  0.75  for  the  uniformly  mixed 
gases  so  that  in  the  horizontal  path,  for  which  the  calculation  is  made  for  the  equivalent  sea- 
level  path  length, 


For  vertical  (ami  thus,  slant)  paths  the  formula  is  given  by: 


(366) 


In  the  horizontal  path  case,  the  equivalent  path  length  is  obtained,  as  for  the  other  constituents, 
by  multiplying  the  value  from  the  appropriate  curve,  for  a chosen  point  on  the  abscissa,  by 
the  actual  number  of  kilometers  in  the  path.  For  the  vertical  case,  the  number  of  equivalent 
kilometers  upward  from  the  chosen  altitude  is  obtained  from  the  ordinate  corresponding  to  a 
prescribed  value  on  the  abscissa.  The  slant  path  is  obtained  as  before.  The  curve  for  the 
vertical  case  is  reproduced  from  McClatchey,  et  al.  (1972)  in  Figure  88. 


7.5. 2.4  N,,  Continuum 

Absorption  by  the  nitrogen  collision  induced  band  is  taken  proportional  to  P . Thus,  for 
a concentration  c,  analogous  to  the  case  of  the  uniformly  mixed  gases: 


for  the  horizontal  case;  and 


for  the  vortical  case.  Tlte  figures  representing  these  cases  are  to  be  found  in  McClatchey, 
et  al.  (1972). 

7.5. 2.5  H2O  Continuum 

For  the  equivalent  amount  of  HgO  vapor  contributing  to  absorption  in  tho  10  #im  continuum 
region,  the  expression  is  given  as: 
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FIGURE  88.  EQUIVALENT  SEA  LEVEL  TATH  LENGTH  OF 
UNIFORMLY  MIXED  GASES  AS  A FUNCTION  OF  ALTITUDE 
FOR  VERTICAL  ATMOSPHERIC  PATHS.  (Reproduced  from 
McClatchey,  et  al.,  1972  [2l] .) 
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(369) 


where  w'(z)  is  the  number  of  precipitable  cm/km  of  HgO  vapor  at  altitude  z,  for  v/hich  the  total 

pressure  is  P and  the  partial  pressure  of  HgO  vapor  is  p^  q.  For  vertical  (and  thus  slant) 

2 


paths  the  sea -level  equivalent  of  the  HgO  vapor  is: 

v*>  ’C^lv  *0'°°5(p  ' v)]w'w 


(370) 


Curves  depicting  these  values  for  different  model  atmospheres  are  given  in  McClatchey,  et  al. 
(1972).  Justification  for  the  expressions  used  in  Eqs.  (369)  and  (370)  is  derived  from  the  work 
of  Burch  (1970). 


7.5. 2.6  Molecular  Scattering 

Since  molecular  scattering  ia  a function  of  atmospheric  density,  the  scatterer  concentra- 
tion is  normalized  to  sea -level  concentration  given  by  the  dimensionless  quantity  (for  the 
horizontal  case): 

mh=p(z)/p0  (371)  * 

where  p(z)  is  the  atmospheric  density  obtained,  usually  from  published  tables  (see  Section  10). 
The  equation  in  which  this  value  is  used  in  LOWTRAN  2 involves  the  function  9.307E  - 20  x 
j/4.01*7jnclu(je(j  ln  the  LOWTRAN  2 code  to  be  consistent  with  the  calculations  for  the  absorb- 
ing components.  For  the  vertical  path  (from  which  the  slant  path  concentration  can  be  calcu- 
lated) the  quantity  is: 


which  gives  the  effective  length  of  the  slant  path. 


7.5.2.7  Aerosol  Extinction 

The  determination  of  aerosol  extinction  is  made  on  the  basis  of  the  particle  size  distribu- 
tion, which  for  LOWTRAN  2 is  given  in  Section  10,  and  is  considered  to  be  constant  with  al- 
titude1. The  number  density,  D(z),  is  also  given  in  Section  10  and  the  dimensionless  quantity: 


(373) 


is  plotted  in  McClatchey,  et  al.  (1972)  as  a function  of  altitude  for  use  with  the  function  3.745E  - 
5 x 3 ln  cage  0f  a horizontal  path.  For  the  vertical  path  (and  thus  for  use  with  the 
slant  path)  the  quantity  calculated  for  use  in  the  transmittance  equation  is: 
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,3,4, 

where  D(z)  is  the  number  density  at  altitude,  z,  and  Dq  Is  the  value  at  sea -level. 

7.5.3  USE  OF  THE  LOWTRAN  METHOD 

The  values  of  equivalent  absorber  amount  are  computed  in  the  LOWTRAN  2 program. 
They  can  be  used  also  with  the  scaling  factors  provided  by  relerrlng  to  the  charts  provided 
in  the  report  by  McClatehey,  et  al.  (1972),  as  a very  convenient  tool  for  determining  rapidly 
and  accurately  the  value  of  transmittance  at  any  frequency  (wavelength)  and  for  any  path  con- 
ditions, provided  one  is  willing  to  accept  one  of  the  standard  model  atmospheres  as  represen- 
tative of  the  conditions  pertinent  to  the  prescribed  situation.  The  charts  are  simple  to  use  in 
conjunction  with  the  charts  from  which  the  equivalent  absorber  amounts  are  determined  and 
they  are  compatible  with  the  latter  so  that  the  scale  need  only  be  moved  to  the  properly  deter- 
mined absorber  amount  in  the  appropriate  dimensions,  and  the  transmittance  1b  read  on  the 
accompanying  transmittance  scale  from  the  curve. 

It  is  interesting  to  compare  the  charts  of  McClatehey,  ei  al.  (1972)  with  the  ones  gener- 
ated earlier  by  Altshuler  (J.S61)  and  reproduced  in  abbreviated  form  from  the  report  by 
Andtng  (1967).  These  are  shown  in  Figures  89  through  91.  The  accuracy  claimed  by 
McClatehey,  et  al.  In  using  the  LOWTRAN  2 technique  is  decreasing  as  the  transmittance 
approaches  unity,  which  is  apparent  from  the  fact  that  the  curves  (see,  for  example,  Fig.  83) 
in  the  development  of  the  model  change  very  slowly  in  the  region  ol  unity  transmittance.  The 
value  of  10  percent  is  evidently  an  estimate  based  on  an  assumption  that  most  conditions  under 
which  atmospheric  transmittance  calculations  will  be  made  will  be  consistent  with  the  effec- 
tive absorber  amount  calculated  using  Pn,  with  the  n-values  given  above.  Nothing  in  the  liter- 
ature has  been  found  to  check  this  allegation.  Obviously,  when  conditions  are  more  closely 
consistent  with  the  weak-  and  strong-line  representations  of  the  model,  then  the  LOWTRAN 
model  will  tend,  respectively,  to  underestimate  and  overestimate  the  actual  value  of  transmit- 
tance. On  the  other  hand,  one  should  refrain  from  using  the  model  for  the  calculation  of  path 
radiance  under  conditions  of  high  transmittance,  since  the  uncertainty  in  atmospheric  emis- 
slvity  Increases  greatly. 

McClatcney,  et  al.  (1972)  also  caution  that  there  may  be  an  error  introduced  resulting 
from  the  neglect  of  a temperature  dependence  in  the  model.  The  temperature  used  for  the 
determination  of  the  carve  representl.ig  the  model  was  273  K.  No  suggestion  is  given  to  the 
user  regarding  the  confidence  he  can  place  in  results  calculated  for  cases  in  which  the  tem- 
perature differs  greatly  from  those  used  in  construction  of  the  model,  except  a qualitative 
assessment  of  the  effect  of  changes  tn  energy  state  populations.  However,  Selby  (1974a)  has 
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FIGURE  89.  TRANSMISSION  VS  WAVELENGTH  FOR  WATER  VAPOR 
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FIGURE  90.  TRANSMISSION  VS  WAVELENGTH  FOR  CARBON  DIOXIDE 

(Concluded) 


337 


rORMCRLY  W lLi-OW  NUN  LABORATORIES.  ’HR  UNIVERSITY  OF  MICHIGAN 


performed  a calculation  of  the  radiance  in  a path  downward  looking  toward  the  earth,  and 
compared  them  with  data  taken  from  satellites.  The  comparison,  as  shown  in  Figure  92,  is 
favorable,  although  one  must  always  be  careful  in  the  interpretation  of  data  for  which  meteo- 
rological parameters  are  not  well  known.  See  the  additional  discussion  in  Section  9. 

In  their  report  on  the  Optical  Properties  of  the  Atmosphere,  McClatchey,  et  al.  (1972) 
provide  many  of  the  user  benefits  not  found  in  the  operation  of  their  LOWTRAN  computer 
code,  among  which  are  certain  scattering  phenomena  — although  a simple  function  for  extinc- 
tion due  to  single  scattering  is  used  in  LOWTRAN — and  infrared  emission  by  the  earth  and 
atmosphere.  By  the  application  of  special  formulas  given  in  the  above-mentioned  report, 
limited  generalized  curves  of  solar  radiation  scattered  from  aerosols  and  clouds  are  fur- 
nished, as  well  as  atmospheric  radiance  observed  by  a downward-  or  upward -looking  sensor. 
The  interested  reader  is  referred  to  the  report  for  these  data,  which  are  considered  of  second- 
ary importance  to  this  report  and,  therefore,  are  not  reproduced  here.  Based  on  discussions 
with  one  of  the  authors  of  the  LOWTRAN  code  (Selby,  1974a),  it  has  been  learned  that  a code 
to  be  used  in  conjunction  with  LOWTRAN  will  soon  be  available  for  calculating  radiance  from 
the  earth  and  atmosphere. 

7.5.4  COMPARISONS  OF  CALCULATED  VALUES  AND  THE  VALUES  FROM  FIELD 
EXPERIMENTAL  DATA 

The  following  figures  portray  comparisons  between  spectra  calculated  by  the  LOWTRAN 
2 method  and  others  obtained  experimentally  in  field  measurements. 

Figure  93  is  reproduced  from  Selby  and  McClatchey  (1972)  showing  a comparison  be- 
tween the  calculated  values  and  the  experimental  values  of  Gebble,  et  al.  [253]  in  the  upper 
set  of  curves.  The  quantity  of  absorber  is  small  and  good  agrecmt  nt  is  expected.  The  rest 
of  the  curves  in  the  figure  show  a comparison  of  computed  values  with  the  experimental  data 
of  Yates  and  Taylor  (1960),  again  for  a small  quantity  of  absorber. 

Figure  94  was  provided  by  J.  E.  A.  Selby  (1974a)  to  show  a comparison  between  the  trans- 
mittance values  calculrted  with  the  LOWTRAN  2 method  and  experimental  data  from  EMI* 
over  a relatively  short  path  with  relatively  small  absorber  amounts. 

Figure  95  was  provided  by  J.  E.  A.  Selby  (1974a)  to  show  a comparison  betweer  /alues 
calculated  with  LOWTRAN  2 and  experimental  data  of  Ashlc / (General  Dynamics,  Pomona, 

1974)  over  a path  of  moderate  length. 


*EMI  Electronics,  Ltd.,  Hayes,  Middlesex,  England. 

253,  H.  A.  Gebble,  W.  Harding,  C.  Hllsum,  A.  Pryce  and  V.  Roberts,  "Atmospheric  Trans- 
mission In  the  l-14p  Region,"  Proc-  ot  the  Roy.  Boc.,  Vol.  J06A,  1951,  p.  87. 
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FIGURE  J2.  COMPARISON  OF  LOWTRAN  2 RADIANCE  CALCULATION  WITH  NIMBUS 


FIGURE  93.  COMPARISON  OF  LOWT'  ^'f  2 PREDICTIONS  WITH  MEASUREMENTS. 
(Reproduced  from  Selby  :wJ  McClatchey,  1972  [21] .) 
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Figure  96  was  provided  by  J.  E.  A.  Selby  (1974a)  to  show  a comparison  between  values 
calculated  with  LOWTRAN  2 and  experimental  data  of  Ashley  over  a longer  path  with  larger 
quantities  of  absorber. 
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8 

MULTI- PARAMETER  ANALYTICAL  PROCEDURES 

The  methods  presented  in  the  previous  chapter,  with  the  exception  of  LOWTRAN  2,  are 
for  the  most  part  either  ordinary  models  covering  limited  spectral  ranges,  or  collections  of 
models  and  approximations  used  to  cover  a broad  spectral  range.  The  LOWTRAN  function 
is  purely  empirically  derived.  The  procedures  developed  in  this  section  are  derived  on  the 
basis  of  analytical  functions  which  suit  the  whole  spectral  range  as  long  as  special  parameters 
are  changed  to  suit  each  spectral  interval. 


8.1  ZACHOR'S  FORMULATION 

The  starting-point  for  this  section  is  the  procedure  originated  by  Zachor  (1968a)  in  a 
manipulation  of  the  mathematical  expression  of  the  statistical  Goody  band  modei  (Mayer,  1917; 
Goody,  1952),  i.e.,  an  expression  of  the  transmittance  due  to  a infinite  array  of  I.orentz  lines 
which  are  Poisson-distributed  in  frequency,  and  distributed  exponentially  in  stiength.  (See 
Eq.  184;  Table  20.)  This  model  has  the  form  (See  e.g.,  Eq.  (325)). 


r(A)  = exp  |-wKj(A)/[  1 + 2wK2(A)/P  J1'  2 j 
which  is  redefined  here  partly  in  terms  of  Zachor's  nomenclature  as: 

,[-r/d  +2y/0)1/2l  =exP|-  ^ + 


r = exp  | 


(375) 


(376) 


where  y 


2jra 

— --v 


w = absorber  amount  (e.g.,  pr  cm) 

S = mean  line  strength 
d = mean  line  separation 

aT  = Loren tz  line  half-width,  proportional  to  broadening  pressure,  P 
u „ o 

» . TO 
So  -—a— 

In  the  first  form  of  Eq.  (376),  it  is  observed  that  for  v//3  » l there  emerges  the  expression  for 
the  strong-line  transmittance  form  of  the  Goody  model  (compare  Expression  #10,  Table  20), 
namely: 


rg  = exp  [-(y/3/2)1^2] 

whereas  for  y/[ 3 « 1,  the  Beer's  law  expression  results: 
Tfi  = exp  (-y) 
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which  results  in  any  band-model  prediction  of  transmittance  for  overlapping  lines.  Zachor 
alleges  that  the  curve  represented  schematically  in  Figure  97  is  typical  of  the  plot  of  labora- 
tory data  in  that  format,  and  that  the  envelope  of  the  curve  represents  the  strong-line  representa- 
tion of  different  models  given  as  r = f(wP)  where,  for  wP  small,  the  straight-line  portion  corre- 
1/2  s 

sponding  to  const-(wP)  is  evident. 

Since  every  model  for  overlapping  lines  results  in  the  Beer's  law  expression  in  the  limit, 
each  horizontal  line  corresponds  to  an  asymptote  determined  by  a given  quantity  of  absorber, 
w = Wj,  w,,,  Wg,  . . . The  generalization  of  these  facts  is  that  every  model  is  represented  by  one 
of  the  numerous  curves  which  can  make  up  Figure  97  with  "the  essential  dissimilarities  between 
observations  at  different  wavelengths  in  the  sane  or  indifferent  bands  (being)  the  mathematical 
form  of  f(wP)  and  'rate  of  transition'  between  this  function  and  Beer's  law.  These  considera- 
tions suggest  that  all  laboratory  data  of  moderate  resolution  might  be  represented  by  an  equa- 
tion of  general  form. 

T = g (ts,  T0,  M)  (379) 

which  depends  explicitly  on  the  Beer's  law  transmittance  t„  and  an  empirically  determined 

D 

function  r for  the  strong-line  region.  The  function  g should  be  asymptotic  to  r and  Tn,  with 
s S a 

a transition  rate  governed  by  some  adjustable  parameter,  M." 

Zachor's  derivation  of  a general  function  starts  with  a rearrangement  of  Eq.  (376)  in  the 
form: 

(-  fn  rf 2 = (fn  Tgf  2 + (fn  Tg)"2  - y~2  + (fn  Tg)"2  (380) 

which  easily  follows  with  the  help  of  Eqs.  (377)  and  (378)  after  the  natural  logarithm  of  each  is 
taken  and  substituted  into  Eq.  (376).  7n  the  form  of  Eq.  (380),  we  observe  that  the  Goody  model, 
with  no  approximations,  results  from  the  sum  of  two  vectors,  perpendicular  to  each  other,  whose 
lengths  are  given  by  (-fn  rfi)  * = y * and  (-fn  r ) *.  It  follows  directly  that  as  either  vector 
vanishes  the  other  is  represented  by  one  of  the  asymptotes  to  the  curve  of  Figure  97.  This 
vectorial  approach  to  the  formulation  of  a model  then  suggests  that  the  generalization  of  the  two- 
dimensional  scheme  is  the  intioduction  of  a to-be-specified  angle  between  the  vectors,  of  any 
value  whatever,  dependent  on  the  form  of  the  model  which  describes  the  transmittance  at  a given 
frequency.  The  most  general  form  ci  Eq.  (380)  would  be,  then: 

(-In  r *)~2  = y~2  + (fn  rg)*2  » 2 cos  Z(-ytn  r^"1  (381) 

in  which  r*  is  the  model's  approximation  to  the  actual  transmittance  t.  By  solving  for  r*  and 
writing  M = 2 cos  one  finds 

t*  = exp  j-[r*2  + (f  n Tgf 2 - M(y  I n rs)'1J"1//2|  (382) 

The  similarity  between  this  form  and  that  for  th*  Goody  mod»l  is  apparent,  and  indeed  distinct, 
in  light  of  the  fact  that  Eq.  (382)  is  ihe  Goody  model  for  M = 0. 
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FIGURE  97.  A PLOT  OF  LOG<A)  AGAINST  LOG<wP)  FOR  A 
TYPICAL  LABORATORY  FUN  OR  ABSORPTION  BAND  MODEL. 
The  ordinate  scale  is  greater  than  the  scale  ol  the  abscissa 
to  emphasize  the  strong-line  and  Beer’s  law  regions.  The 
straight  portion  of  the  strong-line  envelope  represents  the 
"square-root  approximation,"  A = const.  (wP)1/2. 
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8.1.1  DERIVATIONS  OF  KNOWN  MODELS 

In  his  paper,  Zachor  (1968a)  makes  a comparison  between  the  model  of  Eq.  (382)  and  three 
other  well-known  models  (see  Section  5,  or  Goody,  1964):  the  so-called  random  model,  with 
randomly  distributed  lines  of  equal  intensity  (Elsasser,  1938);  the  Elsassor  model;  and  the 
Curtis  model,  with  equally  spaced  lines,  but  exponentially  distributed  in  intensity  (Goody,  1964). 
Figure  98  demonstrates  the  comparisons  of  r vs  0 for  the  random  model,  the  Elsasser  model 
and  the  Curtis  model.  The  equations  approximating  these  models  are  as  iollows: 


8. 1.1.1  Random  Model 


t*  = exp 


n1^2  M 
'/'(2yd ) 1/2 


where:  M = -0.2739059,  by  i ah  ulatior.. 


(383) 


8. 1.1. 2 Elsasser  Model 

T*=exp{-[y~2  + (fu{l  . i[y, 1/2)1/2|  }f2  - M(y  fn{l  - erf[y/l/2)1/2  I})"1)”172}  (384) 

where:  M = -0.2739059,  by  i i iparison  with  the  structure  for  the  random  model 

8.1. 1.3  Curtis  Model 

T*  = exp  {-[y~2  + (fn  { i - tanh  [(y,J/2)1/2  )}  )2  |'1/2}  (385) 

where:  M = 0,  considering  iiiit  the  line  intensity  distribution  is  the  same  as  for  the  Goody  model. 


8.1.2  GENERALIZATION  OF  ZACHOR'S  FORMULATION 


The  importance  of  Zat  i.ur's  model  is  not  in  the  agreeable  match  it  - njoys  with  the  standard 
models  of,  e.g.,  Elsasser  ..n  1 Goody,  but  in  the  generalization  it  proviit.  for  calculations  outside 
the  limit  of  the  models.  1i..  conventional  model  limits  are  small  as  is  ddi.nt  in  the  Aggregate 
method  which  must  incorp  late  a large  number  of  them,  modified  to  si  a extent,  to  cover  tho 
whole  infrared  spectral  r.  ua.  It  will  be  seen  subsequently,  that  the  i.or  method  incorporates 


four  adjustable  parametei  .s  opposed  to  the  two  parameters  in  the  Ai  e if  method  and  one  in 
the  LOWTRAN  method,  i ;;  this  larger  number  of  adjustable  paramt  nich,  one  would  infer, 

gives  the  Zachor  method  ■;  flexibility,  and  naturally,  adds  to  its  com,  te 


The  generalized  Z;.-  >r  formulation  is  derived  from  a comparison  . laboratory  experi- 
mental data.  In  a papei  hich  accompanied  the  publication  of  the  form  ; :mi,  Zachor  (1968b) 
reported  a table  of  the  I n generalized  parameters  for  the  CC'2  spectral  legion  in  5 cm  * 
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(b)  Regular  Model 


FIGURE  98.  A COMPARISON  OF  r (SOLID  CURVES)  AND  r*  (DOTS).  Values  of  the  percent 
error  e = lO*  (r*  - t)/t  are  shown  for  0 = 0.7.  The  absolutely  largest  e for  several  values 
of  y and  for  0 s 10  are  given  in  parentheses.  (Reproduced  from  Znchor,  1968a  [22].)  (Continued) 
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(c)  Curtis  Model 


FIGURE  98.  A COMPARISON  OF  r (SOLID  CURVES)  AND  r*  (DOTS).  Values  of  the  percent 
error  t = 100  (r*  * r/r  are  shown  for  8 * 0.7.  The  absolutely  largest  e for  several  values 
of  y and  for  0 s 10  are  given  in  parentheses.  (Reproduced  from  Zachor,  1968a  [22].) (Concluded) 
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intervals  between  4590  and  5346  cm  \ derived  from  the  experimental  data  of  Burch,  Gryvnak 
and  Patty  [2 54 J . The  parametric  form  of  Eq.  (382 ) is  more  evident  when  written  in  terms  of 
experimental  parameters;  thus: 


* 

r = exp 


♦ «"  v2 


- M(Kw  fn  r,)' M'1^2  ■ 


(386) 


where  K = S/d,  the  weak-line  parameter.  The  parameters,  then,  are  K,  M and  fn  r , the  strong- 
line  function,  which  itself  is  representable  by  two  parameters.  In  fact,  following  the  proposal 
of  King  (1964),  the  strong-line  function  can  be  written  as  the  following  two-parameter  function: 

Ts  - 1 - ^{n,  [nr(n)(2CwP/jr )1/2  J 1/n  } (38?) 

where  the  parameters  are  n and  C,  and  ^(a,  x)  is  the  incomplete  Gamma  function- 


x 

#a,  x)=  [r(a)!'1  JV’V'dt  (388) 

0 

T(a)  is  the  Gamma  function.  King's  formula,  Eq.  (387),  derived  from  ar.  analysis  of  the  vari- 
ance in  the  structure  of  different  models,  gives  the  correct  strong-line  equations  for  the  reg- 
ular (Elsasser)  and  random  models  for  n = 1/2  and  n = 1,  respectively.  In  fact,  the  value  1/2, 
for  equal  distribution  of  line  strengths,  specifies  randomness,  wldle  the  value  1 specifies 
regularity.  Equation  (387)  can  be  written  in  series  form  as: 


r 

s 


= 1 - n(CwP) 


(-l)[nr(iO(2CwP/n)1/2)1/n  }J/(a  + j)j: 


The  procedure  that  Zachor  uses  to  fit  experimental  data  is  to  plot  log  (1  - Tg)  from  Eq.  (387) 
as  a function  log  (CwP)  (which  equals  y0)  for  several  values  of  n,  and  match  one  of  the  resulting 
curves  to  the  euT'^no  of  experimental  date  log  (1  - r)  vs.  log  (wP).  Figure  99,  reproduced  from 
the  paper  by  Zachor  (1968a),  u -onstrates  a plot  of  log  (1  - rg)  vs.  log  (y) ?).  Thus,  from  the 
curve  match  the  value  of  n is  deduced.  Since  the  proper  curve  had  to  be  displaced  by  the  amount 
log  C to  effect  the  match,  the  c junt  of  displacement  on  the  abscissa  between  the  calculated 
and  experimental  curve  is  lite  value  of  log  C,  from  which  the  parameter  C is  ob*?*' 

After  the  parameters  n and  C are  found,  the  parameters  M and  K are  determined  simulta- 
neously by  a least  squares  fit  of  Eq.  (381)  to  experimental  data.  Rewritten  in  terms  of  the  pa- 
rameters K and  M,  Eq.  (381)  becomes: 


254.  D.  E.  Burch,  D.  A.  Gryvnak  anJ  R.  F.  Patty,  Absorption  by  CC>2  Between  4500  and  5400 
cm'l,  Report  No.  U-2955,  Philco-Ford  Corporation,  1964. 
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(-.?nr*)'2 *  = (Kw)'2  + (fn  r )*2  - M(Kwfn  r )_1 


= K 2w”2  + (fn  t f 2 - MK_1( wfn  t f1 
s s 


and  Zachor  minimizes  the  expression: 


(390) 


(391) 


,i[(,»Tr)',‘('nT*n 

with  respect  to  K~2  and  M/K.  The  weighting  function  is  taken  as  = ^fR  r^.  Thus,  taking 


0A 


d(K'2) 


= 0 and 


3A 


0(MK_1) 


= 0,  the  following  solutions  are  obtained  for  experimental  data  for  which 


the  strong-line  values  yield  accurate  values  of  n and  C: 
1/2 


K = (aj) 


and 


M = -Ka. 


(392) 

(393) 


where: 


al  = ^c/q12  * C2//q22'/^<1ll/,q12  ‘ q12/'q22^ 

*2  = (Cj/qn  - c2/qi2)/(q12/qll  ‘ q22/q12) 

ci c D(,n  TAJ2t  ■ (fn  ri/f n Tsi)2] 

1 

c2  ■£[<*»  Ti)2/Wi  fft  rsi]  [*  * (fn  V/fn  - Si)2] 

qn=  2Ht(fn  Ti>A4l4 

q12  * EKTi)4/w?,nTsi] 

1 

q22"  EfinTi)4/(Wi'nTsi)2J 


i 

and  where  r j jg  the  strong-line  transmittance  calculated  using  experimental  data  in  Eq.  (38'T)- 

The  accuracy  of  this  method  is  dependent  to  a large  extent  on  the  quantity  of  data  available 
in  the  strong-line  region.  Zachor  observes  parenthetically  that,  whereas  M and  K were  deter- 
mined using  a digital  computer,  the  use  of  a computer  to  determine  n and  C for  all  possible  cases 
would  require  an  elaborate  cooe.  The  graphical  technique  can  be  checked  by  the  success  In  using 
the  graphically  determined  values  of  n and  C.  In  the  2pm  region  for  which  he  determined  these 
parameters,  he  found  that  at  the  parts  of  the  spectrum  where  the  absorption  was  relatively  weak, 
the  arbitrary  choice  of  n = 1.00  gave  reliable  results.  In  these  cases  for  ",  dch  the  determination 
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of  C by  the  displacement  between  the  data  and  the  computed  curve  was  compromised  by  a 
paucity  of  data,  it  was  found  that  cither  errors  tended  to  compensate  each  other,  making  the  final 
result  only  mildly  dependent  on  a very  accurate  choice  of  C;  or  the  physical  significance  of  C 
was  open  to  question,  in  the  case  of  the  weaker  regions  of  the  2 pm  C'J^  bands. 

8.1.3  RESULTS  USING  ZACHOR'S  METHOD 

Zachor  used  the  data  of  Burch,  Gryvnak  and  Patty  (1964)  in  the  region  bounded  by  the  fol- 
lowing  conditions  toobtain  model  parameters:  (1)  w/P  < 10  /1.5  atm  cm,  (2)  Pw  > 100  atm 
cm,  (3)  P - 10  atm;  and  by  the  conditions  5 < w < 100cm,  1 - P s 10  atm.  He  claims  that  the 
results  "should  be  accurate  for  all  w and  P for  which  Pw  > 100  atm  cm.  except  perhaps  in  the 
spectral  regions  of  relatively  weak  absorption  when  w and  P represent  :,.rong-line  conditions; 
that  is,  when  n = 1.00  and  the  resulting  values  forr  and  r are  approximately  equal."  The  re- 
sults are  given  in  Table  49  which  is  reproduced  from  Zachor's  (1968b)  report,  and  shows  the 

parameters  used  to  calculate  the  transmittance  for  CO,  in  the  region  between  459.2  and  5346.0 

-1  “ 
cm  (1.87  and  2.18  pm).  The  first  column,  giving  the  interval  over  which  the  calculation  was 

made,  represents  the  resolution,  which  is  approximately  5 cm'*  or  less.  The  other  four 

columns  list  the  values  of  n,  C,  M and  K,  respectively.  A comparison  is  made  (Zachor,  1968b) 

between  values  of  transmittance  for  various  values  of  ionospheric  parameters  calculated  from 

the  mathematical  formulation,  and  the  values  plotted  from  the  Burch,  Gryvnak  and  Patty  data 

for  the  same  conditions.  This  comparison  is  shown  in  Figure  100  in  which  the  solid  curve 

represents  the  experimental  data  and  the  discrete  points  the  calculated  data. 

8.2  THE  FI  VE-PAiiA  METER.  FORMULATION  OF  GIBSON  AND  PIERLUISSI 

Pierlulssi  (1973)  has  correctly  pointed  out  that  although  there  have  been  innumerable  models 
derived  for  the  calculation  of  atmospheric  transmission,  their  developments  can  be  traced  eithei 
directly  or  indirectly  back  to  two  origins,  the  Elsasser  (regular)  and  Goody  (random)  models. 
Except  for  excursions  into  the  physical  structure  of  molecules  and  in  the  absorptive  mechanisms, 
these  models  should  be  eminently  successful  in  predicting  atmospheric  transmittance.  One  ob- 
vious dificlency,  however,  is  that  the  pattern  of  absorption  by  molecules  is  seldom  either  per- 
fectly regular  or  random.  Hence  the  need  for  modific  tions  which  account  for  the  expected  de- 
partures. As  mentioned  above,  however,  one  feels  that  the  ultimate  preferable  model  would  be 
of  a more  unified  complexion.  Zachor  has  attempted  to  develop  this  model  on  the  foundation  laid 
by  King  who  recognized  the  apparent  interdependence  of  various  models  through  parameters 
which  described  the  physical  appearance  of  their  absorption  spectra  in  terms  of  their  regulaiity, 
or  their  tendency  to  cluster. 
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TABLE  49.  TRANSMITTANCE  PARAMETERS  FOR 
CO2  BETWEEN  4590.2  AND  5346.0  (From 

Zachor,  1968  [23].) 


Interval  (cm' ') 

R 

C (atm  'em'1 

) M 

K (cm"') 

*690. 2-45?!. 4 

1.00 

0.402E-06 

-1.02 

0.181E-05 

4595.4-4600. J 

1.00 

0.518F-06 

-0.94 

0.71 6E-05 

4600.5-4605.0 

1.00 

0.118E-0* 

-1.04 

0.310E-0* 

4605.0-4609.7 

1.00 

0.234E-05 

-1.07 

0.407E-05 

4609.7-4614*0 

1.00 

0.350E-05 

-0.98 

O.520E-O5 

46U  .0-4619.1 

1.00 

0.4S&E-05 

-0.90 

0.655E-05 

4619.1-4624.0 

1.00 

0.749E-05 

-0.94 

0. 742E-05 

4624.0-4626.5 

1.00 

P.901E-0J 

-0.96 

0. 807E-05 

4626.5-4655.6 

1.00 

0.758E-C3 

-0.8f 

0.756E-05 

4695.6-4658.6 

1.00 

0.252E— 05 

-0.96 

0.440E-05 

4638.9-4645.4 

1.00 

0.105E-05 

-0.97 

0.285E-05 

4643.4-4648.4 

1.00 

0.917P-05 

-0.96 

0.B28E-O5 

4648.4-4652.0 

1.00 

O.199E-04 

-0.84 

0.126E-04 

4652.0-4656.0 

1.00 

0.208E-04 

-0.90 

0.126E-04 

4656.0-4660.0 

1.00 

0.101E-04 

-0.99 

0.845E-09 

4660.0-4664.1 

1.00 

0.134E-05 

-0.93 

0.319E-05 

4664.1-4669.2 

1.00 

0.375E-06 

-1.26 

0.199E-05 

4669.2-4674.3 

1.00 

0.402E-06 

-1.07 

0.160E-05 

4674.3-4678.0 

1.00 

0.554E-06 

-1.42 

0.125E-05 

4678.0-4681.6 

1.0C 

0.364E-06 

-1.01 

0.161E-05 

•The  unite  riven  for  C and  K are  consistent  with  the  units  era  S.T.P. 
for  w and  atmospheres  for  P la  equations  (386)  and  (367). 
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TABLE  49.  TRANSMITTANCE  PARAMETERS  FOR 
CO2  BETWEEN  4590.2  AND  5346.0  crn'l.*  (From 
Zachor,  1968  [23].)  (Continued) 


Interval  ..m" ') 

n 

C (atm'  ’em' 1 

) M 

K (cm'  ’) 

4681.6-4689.2 

1.00 

0.473E-0* 

-1.12 

0. 170E-09 

4*39.2-4690.2 

1.00 

0.634E-06 

-1.00 

0.208E-09 

4690.2-4699.0 

1.00 

0.977E-06 

-1.07 

0.292E-05 

*699.0-4 700.0 

1.00 

0. 120E-09 

-1.11 

0.279E-09 

4700.0-4704.0 

1.00 

0.122E-09 

-1.12 

0.287E-09 

4704.0-4708.1 

1.00 

0.102E-09 

-1.17 

0.291E-09 

*,'08. 1-4711. a 

1.00 

0. 167E-09 

-1.17 

0. 326E-09 

4711 .8—471J.4 

1.00 

0.398E-09 

-1.02 

0.947E-09 

*719.4-4719.0 

1.00 

0.749E-09 

-1.04 

0.793E-09 

*719.0-4722.9 

1 1*  00 

0.149E-04 

-0.79 

0.104E-04 

*722.9-4726.0 

1.00 

0. 188E-0 i 

-0.83 

0.132E-04 

*726.0-47)1.1 

1.00 

0.277E-04 

-0.7) 

0. 166E-Q4 

*7)1.1-47)6.0 

1.00 

0.363E-0* 

-0.96 

0.2UF-04 

*7)6.0-4740.9 

1.00 

0.497E-04 

-0.39 

0.226E-04 

*7*0.9-47*9.0 

1.00 

0.421E-04 

-0.99 

0.212E-0* 

*7*9.0-4790.0 

1.00 

0.491E-0* 

-0.97 

0.206E-04 

*790.0-4799.0 

1.00 

0.128E-0) 

-0.26 

0.374E— 04 

*799.0-4760.0 

1.00 

0. 172E-03 

-0.28 

0.902E-04 

*760.0-4769.0 

1.00 

0.281E-0) 

0.20 

0.672E-0* 

*769.0-4770.0 

1.00 

0.916E-03 

-0.34 

0.833E-0* 

*770.0-4779.0 

1.00 

0.340E-0) 

-0-23 

0.107E-03 

*779.0-4760.0 

1.00 

0 • 98SE-03 

0.94 

0. 192E-03 

*780.0-4799.0 

1.00 

0.668E-0) 

0.29 

0.299E-03 

*789.0-4790.0 

1.00 

0.879E-03 

0.86 

0.337E-0) 

*790.0-4799.0 

1.00 

0.789E-0) 

0.23 

0.389E-0) 

4799.0-4800.0 

0.99 

0.906E-03 

-0.O9 

0.4t  7E-03 

*800.0-4809.  t 

0.99 

0.767E-03 

-0.27 

0.324E-03 

4809.0-4810.0 

1.00 

0.724E-0) 

0.34 

0,28: £-0 J 

*810.0-4819.0 

1.00 

0.  109E-02 

0.10 

0.991  03 

4819.0-4820.0 

0.90 

0 . 142E-02 

-0.09 

0.104E-02 

4820.0-4829.0 

0.90 

0.189E-02 

0.01 

0.171E-02 

4829.0-48)0.0 

0.70 

0.121E-02 

-0.13 

0.222E— 02 

48)0.0-48)4.6 

0.79 

0.238E-02 

0,91 

0.337E-02 

*8)4.6-48)8.1 

0.60 

0. 189E-02 

0.96 

0.417E-02 

48)8.1-4843.1 

0.99 

0.169E-02 

0.19 

0.433E-02 

48*3 .1—4948 .0 

0.99 

C.193E-02 

0.13 

0.S61E-02 

4848.0-4891.2 

0.60 

0. 10VE-02 

0.06 

0. 21  IE-02 

*891.2-4899.2 

0.69 

0.904E-03 

1.32 

0.984E-0) 

4899.2-4899.7 

0.60 

0.1 34E-02 

0.34 

0.243E-C2 

4899.7-4864.1 

0.60 

0.237E-02 

-0.00 

0.499E-02 

4864.1— 4968.9 

0.69 

0.281E-02 

-0.29 

0.937E-02 

4868.)— 4872.4 

0.60 

0.264S-V  2 

0,30 

0.931E-02 

4872.4—4876.4 

0.69 

0.2121-02 

-0.00 

0.386S-02 

4876.4-4881.) 

0.70 

0.177E-0  ? 

0.34 

0.239E-02 

4881.9-4886.0 

0.89 

0. 109E-0I 

0.08 

0.979E-03 

4886.0-4890.4 

0.90 

0.726E-D3 

0.1) 

0.388E-0) 

4890.4-4894.8 

0.9) 

0.683E-D 

-0.31 

0.240E-03 

4894.8-4898.9 

0.89 

0.4)6E— 0 

-0.20 

0.2 9 CE— 03 

4698.9-4904.0 

0.99 

0.424E-03 

•0.11 

0.249E-C3 

4904. 0-4908  <6 

0.99 

0.434E-03 

-0.14 

0.21SE-0) 
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TABLE  49.  TRANSMITTANCE  PARAMETERS  FOR 
CO2  BETWEEN  4590.2  AND  5346.0  cm‘1.*  (From 
Zachor,  1968  (23].)  (Continued) 


Interval  (cm1) 

n 

C (atm ' 1 cm’ 1 

')  M 

K (cm" ') 

4408.6-4912.3 

1.00 

0.691H-03 

-0.36 

0.233E-03 

4912.3-4916.3 

1.00 

0.107E-02 

-0.35 

0 .269E-03 

4416.3-4919.2 

1.00 

0.1 16E-02 

-0.13 

0.293E-03 

4419.2-4924.0 

0.83 

0.1’2E-02 

0.29 

0.4J1E-03 

4924.0-4928.7 

1.00 

0.144E-02 

1.1* 

0.730E— 03 

*92$. 7-4933. 2 

0.90 

0.20*1-02 

0.49 

0.116E-O2 

4933.2-4337.6 

0.65 

0.213E-02 

0.60 

0.212E-02 

*937.1', -49*2.0 

0.70 

0.266E-02 

0.72 

O.J77E-02 

*9*2.0-494*. 1 

0.70 

0.378F-02 

2.11 

0.959E-02 

*94*. 1-4930.2 

0.70 

0.393E-02 

0.88 

0.336E-02 

*930.2-*93*.2 

0.70 

0.789E-02 

0.78 

0.131E-01 

*93*. 2-4936.0 

0.70 

0.987E-02 

0.80 

0.173E-01 

*930.0—496 1.7 

0.69 

0. 105E-01 

0.96 

0.210E-01 

*961. 7-4963.* 

0.70 

0.125E-01 

1.03 

0.227E-01 

4963.4-4970.3 

0.65 

0.118E-01 

0.98 

0.212E-01 

*970.5-*975.* 

0.70 

0.123E-01 

0.34 

0.142E-01 

*975. *-*979.4 

0.70 

0.672E-02 

0.31 

0.672E-02 

*979.4-4983.8 

0.70 

0.108E-01 

0.23 

0.144E-01 

*933.8-4988.0 

0.65 

0.167E-01 

0«  1 K 

0.238E-01 

'-938. 0-4993.1 

0.60 

0. 130E-0 1 

0.00 

0.306E-01 

*993.1-4997.8 

0.60 

0.127E-01 

-0.03 

0.247E-01 

*997.8-3002.9 

0.60 

0.737E— 02 

0.03 

0.140E-01 

5002.9-3007.3 

0.90 

0.24*E-02 

-0.03 

0.928E-02 

3007.3-5011.4 

0.70 

0.917E-03 

1.23 

0.1S2E— 02 

3011.4-3013.8 

0.73 

0.211E-03 

1.34 

0.282E-03 

5013.8-3020.8 

0.80 

0.118E-03 

0.10 

0.481E-04 

9020.8-3023.3 

1.00 

0. 140F-03 

-0.60 

0.333E-04 

3025.3-30 J0.4 

1.00 

0.123E-03 

-0.46 

0.347E-04 

9030.4-3034.4 

1.00 

0. 1 10E-03 

-0.57 

0.3S6E— 0* 

9034.4-3038.4 

1.00 

0.994E— 04 

-0.82 

0.310E-0* 

9038.4-5042.7 

0.80 

0.407E-0* 

-0.93 

0.342E-0* 

30*2.7-3047.0 

1.00 

0.904E-04 

-0.12 

0.540E-0* 

30*7.0-3031.2 

0.80 

0.134E-03 

0.21 

0.109E-03 

5031.2-9033.3 

0.80 

0. 196E-03 

1.67 

0.270E-03 

9039. 3-9033. 3 

0.80 

0.244E-03 

1.14 

0.451E— 03 

5094.t—9069.3 

0.60 

o.i.‘i$e-03 

0.24 

0.718E-09 

9063.3-90*7.2 

0.60 

0.373E-0* 

0.22 

0.12JE-02 

9047.2-9071.1 

0.60 

0.683E-0 3 

0.33 

0.204E-02 

9071.1-3074.8 

0.60 

0.101E-02 

0.10 

0.299E-02 

9074.8-3078.3 

0.93 

0.132E-02 

0.03 

0.423E— 02 

9078.9-9082.1 

0.99 

0. 192E-02 

0.29 

0.960E-02 

5082.1-9019.7 

0«59 

0.237E-02 

0.28 

0.665E-02 

9089.7-9090.8 

0.60 

0.263E-02 

0.01 

0.663E-02 

5090.8-9073.7 

0.99 

0.244E-02 

0.06 

0.906E-02 

9099.7—5099.6 

0.70 

0.166E-02 

0.99 

0.241E-02 

9099.6-3104.2 

0.60 

0. 1T9E-02 

0.17 

0.293E-02 

9104.2-9108.4 

0.60 

0.434E-02 

0.10 

0.707E-02 

9108.6-9112. * 

0.65 

0. 572E-02 

-0.03 

0.919E-02 

9112.6-3116.8 

C.60 

0.486E-02 

0.09 

0.9C7E-02 

9116.8-5121.7 

0.69 

0.431E-02 

0.39 

0.684E-02 

i 

1 


/ 
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TABLE  49.  TRANS MST T ANC E PARAMETERS  FOR 
CO2  BETWEEN  4590.2  AND  5348.0  cm-1.*  (From 
Zachor,  1968  [23].)  (Concluded) 


Interval  (cm'1) 

R 

C(ltm■,cm', 

) M 

K (cm*1) 

5121.7-3126.3 

0.73 

0.296E-02 

0.27 

0.350E-02 

3126.3-31)0.8 

0.60 

0.177E-02 

O.OE 

0.177E-02 

31)0.8-3133.1 

0.70 

0.160E-02 

•0.22 

0. USE-02 

31)3.1-31)9.0 

0.80 

0. 126E-02 

-0.22 

0.691E-03 

31)0. 0-31*). 0 

1.00 

0.103E-02 

0.27 

0.723E-03 

31*). 0-31*7. 7 

1.00 

0.988E-03 

0.07 

0.***E-03 

31*7.7-3132.6 

0.83 

0.962E-0) 

-0.06 

0.233E-03 

3132.6-3137.0 

o.ro 

0. 206E-03 

-0.0* 

0.867E-0* 

3137.0-3162.0 

1.20 

0.126E-0) 

-0.62 

0.327E— 0* 

51*2. 0-3167.0 

1.00 

0.26SE-04 

-0.9) 

0.129E-0* 

3167.0-3172.0 

1.00 

0.989E-09 

-1.2) 

0.682E— 09 

3172. 0-3177.0 

1.00 

0.661E-06 

-1.27 

0.169E-09 

317V. 0-3181*3 

!.C0 

0.20SE-06 

-1.22 

0.1C9E-03 

52)9.0— 32*6.0 

1.00 

0.303E-06 

-0.98 

0.182E-09 

52*4.0-32*8.0 

1.00 

0.102E-09 

-1.18 

0.317E-09 

32*8.0-3232.0 

1.00 

0.602E-06 

-0.99 

0.22SE-09 

3260.0-3266.0 

1.00 

9.663E-06 

—1.69 

0.198e-09 

•4.0-3268.0 

1.00 

0.973E-06 

-l.*2 

0.22)2-09 

;.0-3272.0 

1.00 

0.602E-06 

-1.02 

0.216E-0n 

5i  ,..'>*276.9 

1.00 

0.306*-°6 

-1.32 

0.219E-03 

3276*9- .»  ' - ' .T 

1.00 

0.102E-03 

-1.33 

0.269E-03 

3281.7-3286.) 

1.00 

0.292E-03 

-1.10 

0.*’)7E-09 

3286.3— 9290.7 

1.00 

0.104E— 0* 

-0.81 

0.109E-0* 

9290.7-329*. 9 

1.00 

0.362E-03 

-1.07 

0.693E— 09 

9296.9-9299.9 

1.00 

0.9T3F— 09 

-0.89 

0.862E-09 

9298.9-3302.9 

1.00 

n.iue-o* 

-0.76 

0.107E-0* 

3)02.9-3)06.6 

1.00 

u.ieoE-o* 

-0.51 

0.191E-06 

9)06.6-3)21.0 

1.00 

0.609E— 0* 

0.289E-0* 

9)11.0-9)16.0 

0.90 

0.197E-0) 

-0.37 

O.iOOE-O) 

9)16.0-9)20.1 

1.00 

0.123E-0* 

-0.96 

0.939E-0) 

9320.1-9324.2 

1.00 

0.180E-0* 

-0.69 

0.S36E-0* 

3)26.2-3)29.0 

1.00 

0.921E-06 

-0.96 

0.212E-04 

S)29.0-S))*.0 

1.00 

0.938E-04 

0.22 

0.226E-04 

9)3*. 0-93)8.0 

1.00 

S.J62E-0* 

-0.60 

0.10SE-0* 

33)3.0-3)42.0 

1.00 

0.159E-09 

-1.6) 

0.263E-09 

93*2.0-33*6.0 

1.00 

0.230E-06 

-3.42 

0.633E-06 
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Another  attempt, by  Gibson  and  Pierluissi  {1971)  to  develop  the  generalized  model  leaves 
the  user  with  an  even  higher  degree  of  parameterization  than  does  Zach^  » model,  which  uses 
four  parameters,  n,  C,  M and  K.  It  seems,  then,  that  given  a polynomial  with  high  enough  degree, 
the  ultimate  model  might  be  achieved  as  closely  as  desired.  But  obviously  there  is  a practical 
limit,  and  there  should  be  no  attempt  here  to  establish  how  closely  one  ought  to  approach  that 
limit  except,  perhaps,  to  remind  the  reader  that  every  technique  is  an  approximation,  and  that 
the  closest  approach  to  reality  is  the  line-by-line  calculation. 

It  is  interesting,  however,  to  take  Zachor's  approach  one  step  further.  Gibson  and  Pierluissi 
(1971)  have  taken  this  step  in  a paper  in  which  they  adjust  the  weight  of  the  strong-line  param- 
eter in  (Zachor's)  Eq.  (381),  thereby  adding  a fifth  parameter  to  the  set  constructed  by  Zachor. 
Thus,  in  Eq.  (38i),  jetting: 

x = 1/w,  y = 1/fn  r , and  z = -1/f  n r*  (394) 

s 

there  results  for  Zachor's  model: 

z2  = (1/K2)x2  + y2  - (M/K)  xy  (395) 

2 

in  which  the  parameters  n and  C are  implicit  in  y . This  second-degree  polynomial  is  made 

2 

more  general  by  incorporating  an  adjustable  parameter  for  the  coefficient  of  the  y term.  Thus: 

z2  = Bwx2+Bgy2  +Bwgxy  (396) 

2 

where  B^  and  Bg  (weak-  and  strong-line  parameters)  arc  positive  and  Bwg  < B^B^.  The  reader 
is  referred  to  the  paper  by  Gibson  and  Pierluissi  (1971)  for  the  details  in  the  determination  of 
n,  C,  B , B and  B . In  their  paper  are  listed  these  parameters  for  CO,  for  frequencies  from 
550  to  9950  cm  1 derived  from  the  transmittance  tables  of  Stull,  Wyatt  and  Plass  [255]  mid 
Wyatt,  Stull  and  Plass  [256],  in  spectral  intervals  averaged  over  50  cm"*. 

hi  a later  paper  Pierluissi  (1973)  published  a partial  list  of  the  same  parameters  for  00, 
at  296  K averaged  over  5 cm"1  intervals,  derived  in  this  case  from  the  experimental  data  of 

I 

Burch,  Gryvnak  and  Patty  (1964).  The  partial  listing  of  parameters  covering  the  CO,  spectral 

-1  i 
region  from  4795.0  to  4905.2  cm  is  reproduced  it.  Table  50.  Comparisons  are  made  in 

Table  50  between  the  5-parameter  model  by  Gibson  and  Pierluissi  and  those  of  Zachor  and 

Mayer-Goody.  Included  also  are  results  using  modified  versions  of  the  Mayer-Goody  and 

Elsasser  models.  Figure  101  Is  a plot  of  the  spectrum  calculated  from  the  5-parameter  model, 

compared  with  the  results  of  experimental  data. 

255.  V.  R.  Stull,  P.  J.  Wyatt  and  G.  N.  Plans,  "The  Infrared  Transmittance  of  COj,"  Appl. 

Opt,  VoL  :,  No.  2,  February  1964,  pp.  243-254. 

256.  P.  J.  Wyatt,  V.  R.  Stull  and  G.  N.  Plass,  App.  Opt.,  No.  3,  1964,  p.  229. 
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FIGURE  101.  MEASURED  ( — ) AND  CALCULATED  (-0— ) 
TRANSMITTANCE  FOR  CO2  BAND  (Reproduced  Irons 
Pierluissi,  1973  [26]  .) 
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8.3  POLYNOMIAL  REPRESENTATION  OF  SMITH 

Smith  (1969)  introduced  a polynomial  representation  of  carbon  dioxide  and  water  vapor 
transmission  starting  with  the  basic  concepts  of  absorption,  unembellished  by  conventional 
model  techniques.  Starting  with  the  basic  expression  for  the  Lorentz  line,  he  invoked  Goody's 
(1964)  approximation  calling  for  a pressure-temperature-independent  value  of  5,  giving. 


(u  - Vj)2  + a2 


Ti>  = exp 


which,  upon  substituting: 


VaLOilpoAT 


p\/to\1/2 


=exp 


Vvc 

"*lP0/V  T ^ 1 1 


where: 


Xi  = “loJ0'  • Ui)2  + 5l] 


If  the  assumption  is  made  that  S^  aiid  Xj  are  uncorrelated,  true  for  the  random  models  but  also 
validated  for  a regular  model  for  which  = const,  then: 

Tu  ■ ex»  • <»*> 

where:  0 = £x  , and  N is  the  number  of  lines  counted  at  v.  Justifying  other  assumptions  on 
v i 1 

the  basi3  of  earlier  work  [ 257] , Smith  obtains: 


157.  K.  Ya.  Kondratyev  and  Yj.  M.  Timofeev,  "Tne  Applicability  of  Approximation  Methods 
for  Introducing  I nhomoge  nettles  into  Calculations  of  the  Transmission  Functloii*  of  the 
Rotational  Band  of  Water  Vapor,"  Atmospheric  and  Oceanic  Physics,  Vol.  S,  No.  S, 
1987,  pp.  236-244. 
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where:  m^  is  a constant  and  Sq^  is  the  mean  line  intensity  under  standardized  conditions.  The 
result  is: 


Tiz  = exP 


[n+m  t 

-«„WPT  "J 


(401) 


n+m 

with:  = ^S0/rrP0T0  " 


. The  next  step  in  generalization  is  to  generalize  the  exponents 
of  w and  P as  well  as  T to  obtain: 
bed 


r b c d -1 

= exp  ^-a^w  "p  "t  "J 


(402) 


which,  in  the  taking  of  logarithms,  yields: 


bed 
-Inr,  =r.w  "p  UT  u 


and  taking  a second  logarithm  yields: 

f n (-t  nr*^  = f n a +b  fnw+c  fnP+d  In  T (403) 

\ v)  v v v v 

where,  as  above,  t * is  an  approximation  to  the  actual  (measured)  value  of  t^.  The  difference 
between  the  value  of  Eq.  (403)  for  r*  and  the  actual  value  (using  r ) is: 

fn(-fnr*j  = fn  (-fnr^)  + Ry  (404) 

the  residual  term  R^  being  extended  as  far  as  necessary  to  make  the  two  values  as  close  ?s  de- 
sired. Smith's  expansion,  applied  in  5 cm  1 intervals  to  the  15  pm  COg  data  of  Stuil,  Wyatt 
and  Plass  (1963)  and  the  rotational  HgO  data  of  H.  J.  Bolle  of  the  Meteorological  Institute  of 
the  TJni"ersity  of  Munich  (by  personal  communication  to  Smith),  yields  the  expression: 


W(Ao)  = C0(Ai/)  + Cj(Ai>)X  + C2(Ay)Y  + C3(&v)Z  + 

+ C (A„)XmYmZm  (405) 

ti 

where: 

W(Ai/)  = fn  (-fnrii(); 

x«r„[w^M] 

Y = ln  (lOOcT mb) 

Z=tn(rfh) 
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Smith  has  found  that  a nine-term  expansion  (C.  = 1,  2,  .....  8)  produced  the  most  signifi- 
cant parameters  needed  from  the  residual  term  to  produce  reasonable  agreement  with  experi- 
mental (or  theoretically  produced)  data.  Twotables  of  data  were  derived,  one  for  HgO  and  one  for 
COg,  based  on  the  atmospheric  parameters  in  Table  51  pertinent  tothefitied  data.  The  lists  ofcoeffi- 
cientsforthe  nine  terms  used  in  the  expansion  are  shown  in  Table  52for  rotational  HgO  vapor  and  in 
Table  53  for  15  pm  C02.  Unfortunately  the  data  of  Stull,  Wyatt  and  Plass  exhioit  certain  dis- 
crepancies, claimed  by  Smith,  and  apparently  found  also  by  Young  [258  J.  A comparison  of  the 
calculated  and  experimental  absorptance  data,  shown  in  Figure  102,  points  out  the  fact  that  dis- 
crepancies do  exist.  Similar  discrepancies  show  up  in  otherwise  well-fitting  data  in  comparison 
between  calculated  and  experimentally  cotained  upwelling  radiance,  as  demonstrated  in  Figure  103. 
Comparison  between  transmittance  spectra  for  HgO  calculated  by  Bo”e  and  those  calculated  by 
Smith  from  the  polynomial  model  is  -hown  in  Figure  104,  while  a con  parison  with  the  experi- 
mental data  of  Palmer  [259 1 is  given  in  Table  54. 

Calculation  of  r.  Is  obtained  from: 

Av 

TAv  = exp  f‘exp  0*')J  (406) 

where 

w *iciAi 

i=0 

in  which  the  Cj 's  are  given  in  Tables  52  r.nd  53  and  (see  Eq.  405): 

Aq  = 1.0;  Ax  = X;  A2  = Y;  Ag  = Z 
A^  = XY;  A5  = XZ;  and  Afi  = X2 

for  both  C02  and  H,,0.  Then,  for  CC>2: 

A?  = X^Y;  and  Ag  = XZ2 
and  for  HjO: 

A,  = X2Z;  and  Ag  = YZ2 


258.  L.  G.  Young,  "Comments  on  Accurate  Formula  for  Gaseous  Transmittance  in  the 
Infrared,"  Appl.  Opt.,  Vol.  11,  No.  1,  1972,  pp.  202-203. 

259.  C.  H.  Palmer,  "Long  Path  Water  Vapor  Spectra  With  Pressure  Broadening,  I:  20  - 
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TABLE  51  PRESSURES,  TEMPERATURES  AND  PATH  LENGTHS  OF 
TABULATED  TRANSMITTANCE  DATA.  (From  Smith,  1969  [2-.J.) 


1.00 

1.0 

300 

300 

0.50 

0.5 

250 

260 

0.20 

0.2 

200 

220 

0.10 

0.1 

- 

- 

o.o5 

- 

- 

0.02 

- 

- 

0.01 

- 

- 

-- 

- 

- 

— 

- 

- 

— 

- 

_ 

500.0 

200.0 

100.0 

50.0 

20.0 

10.0 

5.0 

2.0 
1.0 
0.5 
0.2 


5.0 

2.0 

1.0 
0.5 
0.2 
0.1 
0.05 
0.02 
0.01 
0.005 
0.002 
0.001 
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TABLE  52.  EMPIRICAL  ABSORPTION  COEFFICIENTS  FOR  WATER  VAPOR. 

(From  Smith,  1969  [24].) 


Frequency 

(cm-1) 

Co 

Cl 

°2 

c3 

CjjXlO 

% 

jcjjXlO 

cyao 

CgxlC 

RMS 

error 

202.5 

6.1218 

.911*2 

.9013 

-.1376 

.1956 

0 

.1811 

0 

0 

0.3 

2C7.5 

6.1750 

1.0287 

.9761 

0 

.5109 

.0989 

.2110 

0 

0 

0.6 

212.5 

5.6091* 

.9578 

.9160 

0 

.5039 

-.0811 

.2266 

0 

0 

0.5 

217.5 

1..8955 

.9880 

.9591 

0 

.1072 

0 

.1177 

0 

0 

0.8 

222.5 

S • 372? 

.8113 

.8257-1.2625 

.3251 

-.2771 

.1391 

-.1115 

0 

0.5 

227.5 

1*.8715 

.6818 

.6620 

0 

.2161 

.0097 

.0952 

-.0131 

1.0950 

0.3 

232.5 

3.8296 

.6192 

.6619 

0 

.1255 

-.2176 

.0096 

0 

6.9852 

0.7 

237.5 

1*.0639 

.9618 

.9817 

0 

.1809 

0 

0 

.2738 

0 

0.6 

2 12.5 

3.8635 

.8289 

.7711 

0 

.3037 

0 

.1512 

.1957 

5.0331 

0.9 

217.5 

5.1*739 

.7970 

.7156 

2.1261 

.2319 

.1997 

.1*  09 

.37o8 

0 

0.1 

252.5 

5.5671* 

1.0058 

.9283 

0 

.6286 

-.0611 

.3032 

0 

0 

0.6 

257.5 

3.5271 

.5908 

.6273 

0 

-.1128 

-.1107 

-.1135 

0 

0 

0.8 

262.5 

1*.  2338 

1.0235 

1.0361 

.5353 

.5118 

-.0352 

.0699 

0 

0 

0.7 

267.5 

3.0032 

.6309 

.6161 

.1302 

.2136 

-.1506 

.0892 

0 

0 

1.0 

272. 5 

3.9061 

.8762 

.8960 

.3708 

-2857 

-.2616 

0 

0 

11.7711 

0.7 

277.5 

1*.0603 

.1581 

.5123 

0 

-.0130 

-.2111 

-.1271 

-.1631 

0 

0.7 

282.5 

3.9660 

.6008 

.5625 

1.3721 

.1139 

.0731 

.0522 

0 

0 

0.5 

287.5 

1.5389 

.9895 

.8969 

.9105 

.6686 

0 

.3052 

0 

0 

0.7 

292.5 

3.1*817 

.8052 

.7685 

1.071*1 

.2127 

0 

.1061 

0 

0 

0.9 

297.5 

3.71*95 

.8629 

.8675 

1.1067 

.1929 

-.1172 

.1056 

0 

0 

0.7 

302.5 

1.1169 

.7221 

.6912 

1.3678 

.3165 

0 

.1193 

0 

0 

0.5 

307.5 

3.8072 

.8711 

.9022 

1.1930 

.3570 

0 

0 

0 

0 

0.7 

312.5 

3.1957 

.9707 

.8910 

1.6119 

.7.15 

0 

.2851 

-.1295 

0 

0.6 

317.5 

3.5555 

1.0590 

.9691 

1.3177 

.yol'S 

.0567 

.3522 

0 

0 

0.5 

322.5 

3.1*921 

.7121 

.6683 

1.0061 

.3905 

C 

.1392 

0 

0 

0.5 

327.5 

1 1125 

.7887 

.7197 

1.8833 

.3729 

.0722 

.1516 

0 

0 

0.7 

332.5 

3.6888 

.9155 

.8726 

1.1606 

.5091 

0 

.2220 

-.2187 

0 

0.8 

337.5 

3.5936 

.9652 

.88->2 

1.0675 

.7393 

0 

.3318 

-.1585 

0 

0.6 

312.5 

3.1583 

.7363 

.7083 

1.6959 

.3381 

.0316 

.1165 

0 

0 

0.6 

3L7.5 

3.2012 

.8207 

.7618 

1.5691 

.5751 

0 

.1580 

0 

0 

0.6 

352.5 

1.7227 

.8590 

.7921 

2.5113 

.1153 

0 

.1961 

-.1031 

0 

0.7 

357.5 

3.1130 

.5768 

.5826 

1.6107 

0 

.0556 

-.0328 

0 

0 

0.7 

362.5 

2.5079 

.9212 

.9058 

1.6898 

.5019 

0 

0 

.2292 

0 

0.8 

367.5 

2.2001 

.8052 

.7117 

1.3619 

.5537 

0 

.1961 

0 

0 

1.3 

372.5 

2.9026 

.7312 

.6751 

1.7771 

.3578 

0 

.1517 

0 

0 

0.8 

377.5 

2.3168 

.5871 

.5786 

1.7172 

.2019 

-.1313 

.0600 

0 

0 

1.2 

382.5 

2.2132 

.7155 

.6167 

1.5810 

.1171 

0 

.1197 

0 

0 

1.1 

387. S 

1.9712 

.7330 

.6939 

1.1260 

.3095 

.2008 

.1552 

,0j21 

-6.3170 

1.6 

392.5 

2.1226 

.7255 

.6879 

2.1168 

.3257 

-.1092 

.1178 

0 

0 

0.9 

397.5 

3.5291 

.6982 

.6678 

2.1057 

.2918 

.0162 

.0977 

0 

0 

0.7 

1*02.5 

*.8393 

.7860 

.7293 

2.2630 

.5321 

.1150 

.2125 

.1715 

0 

1.1 

2*07.5 

1.1888 

.9128 

.9105 

2.0198 

.6519 

-.1115 

.0218 

0 

0 

1.0 

1*12.5 

1.5987 

.9750 

.9129 

1.1218 

.6512 

-.1139 

.0201 

0 

0 

1.1 

1*17.5 

2.1667 

.1856 

.1527 

1.1192 

.1137 

-.0691 

.0111 

0 

0 

2.0 

1*22.5 

2.5673 

.6986 

.6758 

2.7325 

.1666 

.1562 

.0325 

.3312 

0 

0.7 

1*27.5 

1.6873 

.7293 

.6967 

1.2851 

.5759 

0 

.0607 

.1133 

0 

1.3 
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TABLE  52.  EMPIRICAL  ABSORPTION  COEFFICIENTS  FOR  WATER  VAPOR. 
(From  Smith,  1969  [24).)  (Continued) 


FYoquency| 


102.5 
1*37.5 

882.5 
1*1*7.5 
1*52.5 
1*57-5 

562.5 

567.5 

572.5 

577.5 

582.5 

587.5 

592.5 

597.5 

502.5 

507.5 

512.5 

517.5 

522.5 

527.5 

532.5 

537.5 

552.5 

557.5 

552.5 

557.5 

562.5 

567.5 

572.5 

577.5 

582.5 

587.5 

592.5 

597.5 

602.5 

607.5 

612.5 

617.5 

622.5 

627.5 

632.5 

637.5 

682.5 

687.5 

652.5 


1.61761  .7252 
237  .7975 
612  1 .6293  .6136 

.7568  .7010 
.7715  .7163 
.6790  .6232 

.7501 

1.80351  .7616  1.6937 
.6059 
.8111 
.6215 
.7510 

1.1967)  .6830  .6690 

.8625  1.0025  .9270 
1.7019  .7317  .6852 


1.3500 

1.0188 

1.9939 

.9659 

.9526 

.1357 

.6216 

.5969 

1.8393 

.6297 

.0977 

.3250 

1.067u 

.8668 

.7381 

.8838 

.0030 

1.1168 

.2369 

.176’’ 

-.6216 

-.0805 

.3722 

.1257 

.0336 


.6813 

.6897 

.6237 

.8170 

• 5793 
.7762 

.6685 

.7387 

.6326 

.6532 

• 7290 
.6907 
.6022 
.7523 
.6861 

.5703 
.8788 
{ .6891 


c3 

CyclO 

1.3610 

.5026 

7.8856 

.8392 

1.2863 

.3189 

2.8388 

.6191 

2.7152 

.5552 

1.6932 

2.3785 

.3735 
• 5338 

2.8610 

1.8577 

.6788 

.3822 

1.8688 

.5137 

1.1998 

.3321 

1.9138 

.6085 

2.2877 

.5738 

1.9155 

.5779 

3.8872 

.8882 

2.0318 

.8018 

3.6819 

.7208 

3.8130 

.3357 

3.8262 

.5265 

. 2823 

2.7012 

.8390 

2.0522 

.6975 

1.7532 

.6877 

2.6833 

.5921 

2.1938 

.6557 

2.3185 

.5239 

1.3819 

.7608 

1.3958 

.8387 

3.2109 

.5787 

2.3356 

.8528 

2.7075 

.5805 

3.8166 

0 

2.8802 

.6297 

2.8881 

0 

2.8055 

.6562 

2.0708 

.3317 

1.8928 

.8775 

xlO  ICflxlO 


0 
0 
0 

5.2110 
3.0805 
0 0 

.2130  6.8252 
.3859  2.6C21 
0 0 

.5305  16.0593 
0 0 

.5665  18.7211 

•2C90  0 

0 0 


.50861  0 
.87  9 i-.  3355 
.6*08  , 0 


1.3178  .6925  0 -.1530 

1.5691  1. 0389  -.5763  0 


.3921  0.8 
0 0.8 
.3500  1.2 
.;>6l5  0.9 
0 0.9 

0 0.8 
0.8 
1.2 
0.9 
1.5 
1.3 
0.8 
1.1 
1.1 
0.9 
0.8 


0 

8.3500 

-.9615 

0 

0 

17.8780 

0 

0 

0 

0 

13.2521 

0 

0 

20.8500 


2.8812 
2.0618 
-.9255 
0 
0 

|12. 1192  i 1.1 
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TABLE  53.  EMPIRICAL  ABSORPTION  COEFFICIENTS  FOR  CARBON  DIOXIDE. 
(From  Smith,  1969  (24].)  (Concluded) 


frequency 

(.m-1) 

°0 

C1 

C2 

cycio 

°5 

06x10 

07X102 

C&X10 

RMS 

error 

732.5 

-2.9767 

.8626 

.2938 

2.6131 

.6911 

-.1976 

-.1977 

-.6366 

.2716 

0.9 

737.5 

-3.0163 

.8761 

.2597 

3.1387 

.6681 

-.1230 

-.2305 

-.6251 

.1216 

1.0 

762.5 

-3.1692 

.9078 

.2253 

3.9286 

.6231 

-.1710 

-.2981 

-.3561 

0 

0.7 

7L7.5 

-6.0990 

.9516 

.1827 

6.3132 

.8607 

-.2173 

-.2716 

-.6737 

0 

0.7 

752.5 

-6.6736 

.9831 

.1180 

5.3603 

.6576 

-.0190 

-.2236 

0 

-.6328 

0.7 

757.5 

-5.7219 

.9980 

.0686 

7.2690 

.3511 

0 

-.0876 

.6066 

-.6890 

0.6 

762.5 

-6.6116 

.9978 

0 

8.0678 

.6330 

0 

0 

.5637 

-.7565 

0.7 

767.5 

-7.6221 

1.0581 

0 

9.1331 

.6566 

0 

0 

.6869 

-.8853 

0.8 

772.5 

-7.8763 

.8391 

-.0351 

6.5719 

.1215 

.6383 

.6162 

1.2539 

-1.1983 

1.5 

777.5 

-8.3537 

.8692 

-.0611 

7.3879 

0 

0 

.3817 

1.6926 

-.5196 

1.1 

782.5 

-9.0116 

.9030 

-.0311 

2.0357 

.1226 

1.8100 

.2775 

1.6138 

■2.2558 

0.8 

787.5 

-7.6666 

.9695 

0 

6.9693 

.2166 

1.0906 

0 

.5778 

-1.8786 

0.3 

792.5 

-7.1057 

.9791 

0 

6.0877 

0 

.6197 

0 

.9767 

■1.6269 

0.5 

797.5 

-7.1605 

.5336 

.2257 

10.6273 

0 

6.8167 

.1921 

0 

F7.6102 

1.1 

802.5 

-8.8650 

1.0065 

-.6666 

0.2588 

1.5761 

-.8311 

.0973 

-.0536 

0 

0.6 

807.5 

-7.7652 

.5169 

0 

0 

0 

2.5100 

.5956 

1.3666 

2.8153 

0.3 

812.5 

-6.3196 

.606 9 

0 

-.8062 

-.3068 

3.0995 

.5332 

1.6666 

-3.6150 

0.3 

817.5 

-9.6568 

1.0306 

0 

6.^98 

0 

0 

0 

1.0166 

0 

0.3 
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TABLE  54.  COMPARISON  OF  EXPERIMENTAL  AND  EMPIRICAL  TRANS  VIITTANCES.  (From 

Smith,  1969  [24].) 


Spectral 

interval 

(curl) 

h2o 

Pressure 

Transmittance 

Exp. 

1 Bnp. 

0/cm2 

Atsi  • 

200  - 250 

0.0030 

0.0273 

0.781 

0.803 

200  - 250 

0.011*0 

0.2690 

0.213 

0.215 

200  - 250 

0.0350 

0.2760 

0.075 

0.103 

250  - 300 

0.0025 

0.0280 

0.86 9 

0.882 

250  - 300 

0.0071 

0.2530 

0.1*77 

0.521 

250  - 300 

0.0270 

0.2690 

0.217 

0.261 

250  - 300 

0.1320 

0.3270 

0.003 

0.022 

290  - 31*0 

0.0025 

0.0280 

0.911* 

0.913 

290  - 31*0 

0.0071 

0.2530 

0.608 

0.635 

290  - 31*0 

0.0270 

0.2690 

0.339 

0.373 

290  - 31*0 

0.1320 

0.3270 

0.021* 

0.050 

320  - 370 

0.001*1 

0.0300 

0.872 

0.886 

220  - 370 

0.0077 

0.2670 

0.590 

0.612 

320  - 370 

0.0330 

0.2750 

0.323 

0.352 

320  - 370 

0.131*0 

0.3170 

0.075 

0.110 

360  - 1*10 

0.001*1 

0.0300 

0.928 

0.936 

360  - 1*10 

0.0077 

0.2670 

0.769 

0.782 

360  - 1*10 

0.0330 

0.2750 

0.576 

0.576 

360  - 1*10 

0.131*0 

0.3170 

0.255 

0.320 

1*10  - 1*60 

0.001*1 

0.0300 

0.939 

0.91*7 

1*10  - 1*60 

0.0077 

0.2670 

0.830 

0.831 

1*10  - 1*60 

0.0330 

0.2750 

0.666 

0.672 

1*10  - 1*60 

0.131*0 

0.3170 

0.36.1 

0.1*05 

1*50  - 500 

0.001*1 

0.0300 

0.968 

0.968 

l*5o  - 500 

0.0077 

0.2670 

0.903 

0.899 

1*50  - 500 

0.0330 

0.2750 

0.7  65 

0,787 

l*5o  - 500 

0.131*0 

0.3170 

0.1*89 

0.570 
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(a)  Equivalent  pressure  - 768  mm  Hg;  Optical  mass  - 12.6  atm  cm 


(b)  Equivalent  pressure  * 67.2  mm  Hg;  Optical  mads  - 1264  t>  cm 


(c)  Equivalent  pressure  - £5.6  mm  Hg;  Optical  mass  - 6.3  atm  cm 


FIGURE  102.  COMPARISON  BETWEEN  EXPER- 
IMENTAL (BURCH  ET  AL.)  AND  CALCULATED 
(DRAYSON  AND  YOUNG)  TRANSMITTANCE 
SPECTRA  FOR  C02  AND  TRANSMITTANCE  SPEC- 
TRA DERIVED  FROM  THE  EMPIRICAL  TRANS- 
MITTANCE COEFFICIENTS  GIVEN  IN  TABLE  53. 
(Reproduced  from  Smith,  1969  [24].) 
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FIGURE  103.  COMPARISON  BETWEEN  OBSERVED  (VIA  B>  _^N-BORNE  INTERFEROMETER) 
AND  CALCULATED  (VIA  EMPIRICAL  TRANSMITTANCE  COEFFICIENTS)  UPWARD  RADIANCE 
SPECTRA  NEAR  PALESTINE,  TEXAS.(Reproduced  from  Smith,  1969  [24]  .) 


mautKv  |ot-i 


(b) 


FIGURE  104.  COMPARISON  BETWEEN  TRANSMITTANCE  SPECTRA  FOR  H20 
CALCULATED  BY  BOLLE  AND  TRANSMITTANCE  SPECTRA  CALCULATED 
FROM  THE  EMPIRICAL  TRANSMITTANCE  COEFFICIENTS  GIVEN  IN  TABLE  52. 
(Reproduced  from  Smith,  1939  [ 24J .) 
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It  Is  interesting  to  compare  qualitatively  the  models  given  by  Smith  and  for  LOWTRAN  2. 
Prior  to  the  logarithmic  extraction  of  Eq.  (402),  the  comparisons  would  show  for  a given  center 
frequency,  v: 

Smith:  r = exp  [-aw^P0’!^]  which,  for  T = const, 

^ C 

becomes  r = exp  [-aw ' P J ; and 
LOWTRAN:  r=f[CwPnj. 

The  similarities  are  striking,  although  actually  the  comparison  is  not  complete,  because  Smith 
takes  the  next  step  and  produces  a polynomial  to  which  he  adds  a residual  term  to  account  for 
differences  between  the  model  and  the  real  world.  In  this  case,  it  would  be  more  appropriate 
to  compare  his  model  with  the  (less  parameter-studded)  models  of  Zachor  and  Gibson  and 
Pierluissi,  although  a direct  comparison  is  not  possible  without  the  resources  needed  to  compile 
band-model  parameters  for  each  model  in  common  spectral  regions,  especially  where  the  model 
is  put  to  the  severest  test. 
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9 

LABORATORY  MEASUREMENTS,  FIELD  MEASUREMENTS  AND  THE 
RESULTS  OF  CALCULATION  FOR  ABSORPTION 

9.1  LABORATORY  MEASUREMENTS 

In  the  original  state-of-the-art  report  (Anding,  1967)  on  atmospheric  transmittance, a 
group  of  laboratory  measurements  were  cited  for  the  purpose  of  referring  the  user  to  original 
laboratory  data  which  could  be  used  for  developing  band-model  parameters.  It  would  be 
Impossible,  or  at  least  impractical,  to  attempt  to  cite  the  innumerable  measurements  that 
were  made  up  to  the  time  of  Anding' s report  (1967),  or  have  been  made  since  then.  For  this 
report,  laboratory  measurements  are  regarded  as  providing:  (1)  experimental  data  on  line 
and  band  parameters  which  can  be  used  in  a compilation  of  line -parameter  data;  and  (2)  a 
variety  of  experimental  conditions  under  which  measurements  are  made,  to  produce  a reliable 
data  base  for  empirically  fitting  data  to  band  model  functions  and  ultimately  determining 
the  reliability  of  band-model  parameters. 

The  reference  list  of  investigations  cited  in  the  Bibliography,  and  used  for  the  compilation 
of  line  parameters,  represents  an  excellent  cross-section  of  important  laboratory  data.  As 
appropriately  Indicated  by  Anding  (1967),  the  range  of  values  of  experimental  parameters 
should  be  commensurate  with  the  range  expected  in  actual  calculations.  Table  55,  reproduced 
from  Anding  (1967)  indicates  the  values  used  in  some  laboratory  data  on  which  he  compiled 
Information.  Selby  (1974a)  has  summarized  another  significant  number  of  measurements  in 
a table  which  is  reproduced  here  in  Table  56.  These  are  cited  by  Selby  as  the  important 
laboratory  transmittance  measurements  which  have  been  used  as  a basis  for  the  majority  of 
atmospheric  transmittance  prediction  schemes.  As  would  be  expected,  there  is  a slight  over- 
lap in  Tables  55  and  56,  with  the  first  leaning  toward  earlier  measurements  and  the  second 
leaning  toward  later  measurements.  Neither  is  complete,  and  the  reader  should  consult  the 
literature  for  a fuller  representation  of  laboratory  measurements . 

Missing  from  both  tables  is  a set  of  data  accumulated  by  Goldman,  Bonomo,  Williams  and 
Murcray  [2'Mj  and  Goldman,  Kyle  and  Bonomo  (1971)  on  HNOg.  The  first  reference  gives  a 
set  of  data  on  the  21.8  pm  bands  at  7 cm'*  resolution  on  pure  HNQg  vapor  at  40°C.  The  cell 
length  ranged  from  0.5  to  9.94  cm.  Pressures  varied  from  a few  mm  Hg  to  near  saturation. 
The  second  reference  gives  data  on  the  5.9,  7.5  and  11.3  pm  bands  of  pure  HNOg  at  a resolu- 
tion of  approximately  0.5  cm'*.  The  cell  length  was  9.94  cm  and  the  pressure  was  4.6  mm  Hg. 
In  this  reference,  tables  of  band-model  parameters  are  also  reported. 


274.  A.  Goldman,  Bonomo,  Williams  and  Murcray,  Private  communication,  1974. 
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TABLE  56.  SUMMARY  OF  LABORATORY  TRANSMITTANCE  MEASUREMENTS.  (From  Selby,  1974  | 252|  .) 


Originator 

Ref. 

Absorber 

Wavelength 

microns 

Resolution 
cm"  ^ 

Absorber 

Concentration 

Length 

m 

Partial 
mm  Hg 

Total 
mm  Hg 

Broadening 

Gas 

Howard,  et  at., 
(1955) 

(240| 

COj 

1.4, 1.6,  2.0, 
2.7,  4.3,  5.2, 
15 

50-200 

1-1C00  atm  cm 

88-1400 

1-50 

1-740 

N2 

Kostkowakl 

(1955) 

<J61| 

co2 

9.4, 10.4, 
12.61 

2-5 

3-320  atm  ere 

3.28 

7-740 

370-740 

N2 

Edward,  (1030) 

1262) 

C°2 

1.4, 1.6,  2.7, 
4.3,  4.8,  3.2. 
9.4,10.4,15 

20-250 

0.5-1225  atu 
cm 

0.388. 1.29 

38-760 

380-7600 

N2 

Burch,  el  al., 
(1962) 

[234] 

CO* 

2.7,  4.3, 10, 
IS 

"5 

0.01-11,200 
atm  cm 

0.0155-32 

0.26-2920 

0.76-3800 

N2 

Burch,  Gryvnak, 
and  Patty  (1  SOI- 

eS) 

[2C3) 

CO, 

1-1.4, 1.6,  2, 
2.7,  4.3 

0.3-2. 5 

0.08-8.4xt04 
atm  cm 

4-P33 

0.005-1920 

0.005- 

11,000 

n2 

Howard,  et  al., 
(1955) 

(240) 

HjO 

0.94,1.1, 

1.56,1.87 

-100 

0.001-3.8  pr 
cm 

88-1936 

2-28 

2-740 

N2 

Daw  (I960) 

[264) 

HjO 

4.2-23 

Bell  (1966) 

[285) 

h2o 

22-200 

2.5 

4*10"5  - 
10  - 

0.125-9.06 

3.6-10 

760 

Air 

YaroeUvskli 

(1969) 

[ 986) 

HJO 

20-2500 

19-3 

0.007-0.0079 
pr  cm 

7.5 

!0 

760 

Air 

Icatt  (1960) 

(267) 

HjO 

14.5-21.05 

Palmer  (I960) 

(268) 

HjO 

20-40 

3-8 

0.041-0.1 43 
pr  cm 

196 

0.015-0.7 

0.015-61 

*2 

Burch,  et  al„ 
(1962) 

(234) 

HjO 

1.87,2.7, 

6.3 

8-20 

0.0017-0.109 
pr  cm 

0.0155- 

48.75 

2.6-22.5 

2.8  775 

N2 

Burch,  Grymak 
and  Patty  (1965- 
V3) 

(289) 

HjO 

0.89-1.98, 
2.7,  4.4- 
6.3 

0.4-1.75 

0.0017-3.1 
pr  cm 

4-933 

4.16-  ,467 

154-7550 

*2 

Burch,  et  al„ 
(1965) 

[234) 

NjO 

3.9.4.06.4.5. 
7.1.  (.6,  7.6, 

14.5,  17 

6-20 

1. 6y10*4  - 
359  atm  cm 

0.0155-16 

0.09 -760 

1-3055 

Nj 

Burch,  et  al., 
(1971) 

[270] 

NrO 

1.5-:, .5. 4.2- 
13.2 

0.2-2.2 

0.04-605  atm 
cm 

0.001-900 

0.07- 

10,000 

47-10,000 

N2 

Burch,  et  al., 
(1962) 

[234] 

CO 

4.7, 2.35 

15-20 

8.6x10*8  - 
1140  atm  cm 

0.0155- 

48.75 

3-3000 

3-3000 

NW 

Burch,  et  al., 
(1962) 

[234] 

CH4 

3.3.6.45, 

7.7 

10-25 

0.015-188 
atm  cm 

0.063*- 16 

1.52-100 

3-3000 

N2 

Sum  merfle  Id 
(1941) 

1*71) 

Oj 

6.6 

-25 

0.02-0.5  atm 
cm 

0.90 

0.18-4.2 

8-760 

°2 

Gutowsky  and 
Peterson  (1950) 

[272) 

°3 

4.3  and  9.6 

-10 

2,7  atm  cm 

0- 1,0.4 

100-200 

100-760 

°2 

Wilson  and 
Ot*(1950) 

[273] 

°» 

9.6 

-10 

0.27  atm  cm 

0.04 

50-760 

50-760 

°2 

Walahaw  (1957) 

[133) 

°3 

9.6 

6.5 

0.03-l.S  atm 
cm 

0.065, 0.35 

Ct.a-53 

10-760 

Dry  Air 

McC'aa  and 
Shaw  (1969) 

(134) 

°3 

3-15 

5-40 

0.009-36.7 
atm  cm 

0.4,  32 

0.002-800 

15-1600 

°2 

Burch  (1970) 

[189] 

h2o 

cont. 

8.5-12 

5.48*i022 

reo!/c»n2 

1185 

14.2 

14.2 

(T-296K) 
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Peferences  to  Tables  55  and  56 


280.  L.  A.  Abels,  A Study  of  Total  Absorption  near  4.5  by  Two  Samples  of  N2O,  As  Their 
Total  Pressure  and  N2O  Concentrations  were  Independently  Varied,  Scientific  Report 
No.  3,  AFCRL-62-233,  Ohio  State  University,  Columbus,  January  1S62. 

261.  II.  J.  Kostkowoki,  Half  Widths  and  Intensities  from  the  Infrared  Transmission  of 
Thermally  Excited  CO2,  Progress  Report,  Office  of  Naval  Research  Contract  248(01), 

Johns  Hopkins  University,  Baltimore,  Mi,  October  1955. 

262.  D.  K.  E awards,  et  al.,  J.  Opt.  Soc.  Am.,  Vol.  50,  1960,  pp.  130,  617. 

263.  D.  E.  Burch,  D.  A.  Gryvnak  and  R.  R.  Patty,  Absorption  by  CO?  Between  4500  and  5400 
cm**  (2  pra  Region),  Aeronutronic  Report  U-2955,  (1964):  6600  and  7125  cm'*  '1.4  pm 
Region),  Aeronutionic  Report  U-3127  (1965);  8000  and  10,000  cm**  (1  to  1.25  pm  Re- 
gion), Aeronutronic  Report  U-3200  (1965);  5400  and  6600  cm**  (1.6  um  Region),  Aero- 
nutronic  Report  U-3201  (1965);  1800  and  2850  cm**  (3.5  - 5.6  pm  Region),  Aeronutronic 
Report  U-3857  (1966);  7125  and  8000  cm**  (1.25  to  1.4  pm  Region),  Aeronutronic  Re- 
port U-3930  (1967);  3100  and  4100  cm**  (2.44  to  3.22  pm  Region),  Aeronutronic  Report. 
U-4132  (1968);  Phlicn-Ford  Corporation. 

264.  H.  A.  Daw,  Transmission  of  .Radiation  through  Water  Vapor  Subject  to  Pressure 
Broadening  In  the  Region  4.2  Microns  to  23  Microns,  Technical  Report  No.  10, 

University  of  Utah,  Salt  Lake  City,  1956. 

265.  E.  E.  Bell,  Infrared  Techniques  and  'Measurements  (Interim  Engineer;*^  Report  lor 
Period  July -September  1956  on  Contract  AF  33(6I6)-3312),  Ohio  State  V .rerslty, 
Columbus,  1956. 

266.  N.  G.  Yaroslavskii  and  A.  E.  Stanevish,  Opt.  Spect.,  Vol.  7,  1959,  p.  380,  tl  v>  Optlka 
Spektrosk.,  Vol.  5,  1958,  p.  382. 

267.  J.  R.  Izatt,  Office  of  Naval  Research  Progress  Report,  Contract  No.  348(01),  Johns 
Hopkins  University,  Baltimore,  Maryland,  1960. 

268.  C.  H.  Palmer,  1960:  see  Palmer  (1957).  Cited  Incorrectly  by  Selby  (1974). 

289.  D.  E.  Burch,  D.  A.  Giyvnak  and  R.  R.  Patty,  Absorption  by  H2O  Between  2800  and  4500 
cm**  (2.7  pm  Region),  Aeronutronic  Report  U-3202  (1985);  5045  and  H.4P3  cm**  (0.69 
to  1.S8  pm  Region),  Aeronutronic  Report  U-3704  (1966):  1630  and  2245  cm*l  (6.13  to 
4.44  pm  Region),  Aeronutronic  Report  U-5090  (1973);  Phllro-Ford  Corporation. 

270.  D.  E.  Burch,  D.  A.  Gryvnak  and  J.  D.  Pembrcok,  Investigation  ct  mfrared  Absorption  by 
Nitrous  Oxide  frr.m  4000  to  6700  cm**  (2.5  to  1.5  pm),  Aoronu'.ronic  Report  U-4943  (1971); 
780  to  2380  cm**  (13.2  to  4.2  pm),  Aeronutronic  Report  U-4995  (1971);  Philco-Ford 
Corporation. 

271.  M.  Summer-field,  "pressure  Deperve.ice  of  the  Absorption  In  the  9.6  Micron  Band  of 
Ozone,"  thesis,  California  Institute  of  Technology,  Pasadena,  1941. 

272.  H.  S.  Gutowsky  and  E.  M.  Petersen,  "The  Infrared  Spectrum  and  Structure  of  Ozone," 

J.  Chem.  Phys.,  Vol.  18,  1950,  p.  564. 

273.  M.  K.  Wilson  and  R.  A.  Ogg,  J.  Chem.  Phys.,  Vol.  18,  1950,  p.  766. 
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Many  measurements  have  been  made  by  Burch  and  his  coworkers,  supported  under  con- 
tract by  the  Air  Force  Cambridge  Research  Laboratories.  To  cite  them  would  overburden 
this  report.  The  user  who  wants  access  to  these  reports  is  best  advised  to  consult  eiti.er  the 
authors  (Burch,  et  al. );  the  Defense  Documentation  Center,  whose  list  is  probably  incom;  cte; 
or  the  Infrared  Information  and  Analysis  (IRiA)  Center  at  the  Environmental  Research 
Institute  of  Michigan,  where  these  documents  and  o«.her  literature  can  be  consulted. 

The  urgency  for  the  use  of  laboratory  data  for  formulation  of  band  model  parameters 
has  been  allayed  with  the  appearance  of  the  AFCRL  une-parameter  compilation.  The  methods 
cited  in  Section  5 are  easily  adapted  to  the  use  of  this  compilation  for  calculating  bano-model 
parameters,  laboratory  data,  naturally,  will  always  be  needed  as  a.  check  for  validity, 
inasmuch  as  the  line-parameters  are  less  than  perfect.  The  compilers  of  these  parameters 
readily  acknowledge  that  they  are  neither  perfectly  accurate  nor  complete.  In  addition, 
certain  assumptions  must  be  made  about  line  shapes  and  strengths  and  their  dependencies  on 
physical  conditions.  Thus,  the  need  for  laboratory  data  will  always  exist  for  band-model 
predictions,  although  the  emphasis  on  them  may  have  shifted  to  the  delineation  of  more  funda- 
mental parameters  associated  with  the  very  basic  nature  of  the  individual  lines. 

9.2  FIELD  MEASUREMENTS 

The  most  direct,  and  probably  the  surest,  way  of  checking  the  fidelity  of  a method  of 
calculation  atmospheric  transmittance  or  radiance  is  to  compare  results  obtained  from  the 
method  with  the  results  of  experimental  measurements.  One  technique  involves  laboratory 
measurements,  of  which  a few  were  cited  in  Section  9.1.  But  the  scope  of  laboratc-y  experi- 
ments is  narrow,  and  some  of  the  limiting  conditions  are  often  difficult  to  achieve,  making  it 
necessary  to  resort  to  field  measurements.  This  is  especially  sc  since,  without  laboratory 
results  to  achieve  limiting  parameters,  extrapolations  must  be  made  to  accommodate  limiting 
conditions. 

Selby  (’974a)  has  compiled  a summary  of  atmospheric  transmission  field  measurements. 
The  list,  reproduced  in  this  report  in  Table  57,  is  neither  appropriately  selective  nor  complete. 
But  it  is  representative  of  certain  types  of  measurements  which  have  Ven  performed  in  tlje 
past.  Many  of  these  results  have  been  around  for  a very  long  time,  and  have  been  used  by 
investigators  in  the  past  for  making  comparisons  between  experimental  and  calculated 
results. 

Comparisons  of  results  requires  a very  accurate  dest  ription  of  the  conditions  under 
which  the  experiment  haf  been  performed.  Most  of  the  experiments  listed  in  Table  57  have 
well  documented  conditions  reported  along  witn  the  results.  It  is  not  always  possible, 
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however,  to  determine  the  conditions  as  accurately  as  one  required  to  check  the  accuracy  of 
a calculation  method;  nor  Is  it  -Jwnys  necessary  for  the  purpose  ot  the  measurement.  The 
field  experiment,  nevertheless  can  serve  to  Indicate  trends  which  might  be  used  to  check  the 
consistency  of  a method  whtjh  is  designed  to  perform  calculations  In  wide  spectral  reglonn. 

9.2.1  90MF  EXAMPLES  OF  FIELD  MEASUREMENTS 

Some  examples  of  field  measurements  arc  given  in  this  section,  staging  with  one  of  the 
older  set,  ttat  of  Gobble,  et  al.  (1951),  used  for  man/  years  aa  r.  means  for  determination  of 
atmospheric  transmittance  by  extrapolation  from  experimental  results.  Figure  105,  reproduced 
from  Geabie,  et  al.  (1951),  shows  the  transmittance  per  sea  mile  in  the  spectral  region  from 
1 to  14  /im  for  which  the  visual  transmission  (at  0.61  pm)  was  60%  and  the  water  vapor  content 
was  17  mm.  The  almost  c'assical  curves  of  Taylor  and  Yates  (1957)  are  reproduced  In 
Figure  106  from  an  article  reported  In  the  journal  literature.  A broader  coverage  of  the 
Taylor  and  Yates  experiment  can  be  found  in  the  Handbook  of  Military  Infrared  Technology 
( 280]  , and  more  still,  If  available,  in  the  NRL  report  of  the  experiment  (Yates  and  Taylor, 

1960). 

Another  set  of  data  on  horizontal-path  atmospheric  transmittance  measurements,  not 
reproduced  here,  is  that  of  Curclo,  et  al.  [ 281]  and  Curclo,  et  al.  [ 282]  providing  an  atmos- 
pheric atlas  in  the  spectrum  from  5400  to  11.600  A (C.54  to  1.16  pm ).  Still  another  set  of  sea 
level  measurements  by  Strcete,  et  al.  [283]  aad  Streete  (1968)  provides  further  basis  for  com- 
paring computed  and  measured  results,  and  also  for  comparing  different  measured  values. 

The  original  data  (Streete,  et  al.,  1967)  are  not  absolute,  and  of  only  limited  use.  The  latter 
report  (Streete,  1968)  shows  data  which  are  more  poorly  resolved.  These  data  are  not  repro- 
duced here. 

One  of  the  latest  sets  of  horizontal-,  or  nearly-hoi  izontal  path  data  to  be  compiled  Is  that 
of  Ashley  (1974).  They  are  the  highest-resolution  transmittance  data  available  for  the  long 
wavelength  spectrum  out  to  14  pm.  They  are,  unfortunately,  unavailable  In  the  open  literature, 
being  collected  as  auxiliary  data  in  a continuously-generated  set  of  the  measurements  of 
various  sources.  Samples  of  these  measurements,  taken  with  a Fourier  Transform  Spectrometer, 


280.  W.  L.  Wolfe  (ed.),  Handbook  of  Military  Infrared  Technology,  Office  of  Naval  Research, 
U.  S.  Government  Printing  Office,  Washington,  D.  C.,  1905. 

281.  J.  Curclo,  L.  Drummeter  and  G.  Kneatrlck,  Appl.  Opt.,  Vol.  3,  No.  12,  tC64.  p.  H01. 

282.  J.  Curclo,  R.  Eckardt,  C.  Acton  and  T.  Cooden,  An  Atlas  of  the  Absorption  of  the  Atmo- 
sphere from  8512  to  11,000  A,  Report  No.  6352,  U,  S.  Naval  Research  Laboratory, 
Washington,  D.  C.,  1905. 

283.  J.  L.  Streete,  et  al.,  "Near  Infrared  Atmospheric  Absorption  over  a 25  km  Horizontal 
Path  at  Sea  Level,"  Appl.  Opt.,  Vol.  8,  No.  J,  1907,  pp.  489-496. 
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are  rhown  In  Figures  107,  108,  109  and  110.  Information  on  the  figures  explains  the  physical 
conditions.  Figure  111  shows  a comparison  of  transmiltances  for  various  path  lengths.  Again, 
physical  conditions  are  given  on  the  figure. 

Horizontal-path  measureme  ito  are  limited  in  that  th«y  do  not  emphasize  atmospheilc 
inhomogeneltles.  Thus,  there  is  no  way  to  check  for  variations  of  factors  like  line  shapes 
and  strengths.  On  the  other  hand,  measurements  through  a slant  atmospheric  path  are  usually 
devoid  of  the  necessary  auxiliary  information  to  make  a valid  check  with  calculation  on  an 
absolute  basis.  Nevertheless,  measurements  of  solar  radiation  are  quite  useful,  and  a great 
deal  can  be  learned  in  making  comparisons  with  calculated  results.  To  be  sure,  solar 
measurements  are  useful  in  and  of  themselves  for  determining  line  positions,  atmospheric 
constituent  Identifications  and  concentrations,  etc.  We  shall  not  dwell  here,  however,  on 
these  types  of  measurements.  The  reader  is  referred  to  the  Bibliography  by  Laulainen  (1972) 
in  which  a number  of  references  to  solar  spectra  literature  are  listed. 

9.3  COMPARISONS  OF  THE  CALCULATIONS  (See  also  Sections  6.3, 

7.1,  7.2,  7.4,  7.5,  8.1,  8.2  and  8.3.) 

Except  in  the  sections  describing  the  various  calculation  techniques,  Intercomparisons 
of  results  are  impossible  because  the  computer  programs  for  performing  the  calculations 
either  are  not  available,  or  are  too  complex  to  use  without  the  help  of  the  programmer, 
through  personal  interview  or  documentation.  Three  exceptions  to  this  fact  make  it  possible 
to  review  some  of  the  results  discussed  in  the  earlier  sections.  That  is,  we  have  available 
the  programs  associated  with  the  Aggregate  and  LOWTRAN  2 methods,  and  with  Drayson's 
method.  In  addition,  we  have  available  a model  for  the  atmospheric  constituents  which  is 
useable  in  each  method,  so  the  differences  that  arise  in  the  results  should  be  associated 
only  with  the  specific  performance  of  the  calculation  method. 

To  show  how  atmospheric  transmittance  in  the  long  wavelength  IR  region  varies  with 
changes  in  the  set  of  atmospheric  parameters  used,  Figure  112  presents  spectra  pertaining 
to  the  five  atmosphere  models,  described  in  Section  10,  calculated  by  tb"  Aggregate  method. 
The  data  of  Figure  112  are  plotted  as  a function  of  wavelength,  A.  Figures  113  through  117 
show  comparisons  of  the  transmittances  as  functions  of  wave  number,  v,  obtained  by  the 
Aggregate  and  the  LOWTRAN  2 methods.  On  the  whole,  one  might  comment  that  the  agree- 
ment is  fair;  quite  good  in  certain  spectral  regions  and  relatively  poor  in  others.  One  might 
also  speculate,  because  of  the  region  in  which  the  greatest  disparity  exists  as  a rule  (l.e., 
in  the  3 - 14  pm  region  where  the  HgO  vapor  continuum  is  important),  that  the  comparative 
stress  on  the  HgO  vapor  continuum  between  the  two  models  is  significant.  We  note  here,  by 
way  of  explanation,  that  the  differences  should  reflect  only  the  differences  in  the  techniques 
used  in  calculation,  since  the  atmospheric  models  used  in  both  cases  were  identical. 
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ATMOSPHERIC  TRANSMISSION  MEASUREMENTS  FROM  57  TO  1300  METERS  IN  THE 
4-14  ;jun  REGION.  (Reproduced  from  Ashley,  private  communication.) 
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FIGURE  112.  TRANSMITTANCE  FOR  AGGREGATE  MODEL  ATMO- 
SPHERE IN  THE  8-14  nm  REGION  FOR  A VERTICAL  PATH  LOOKING 

DOWN  FROM  100  kr.a 
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FIGURE  113.  TRANSMITTANCE  FOR  A VERTICAL  PATH  LOOKING  DOWN  FROM 
100  km.  Tropic  model  atmosphere. 
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FIGURE  114.  TRANSMITTANCE  FOR  A VERTICAL  PATH  LOOKING  DOWN  FROM 
100  km.  Temperate  Summer  atmosphere. 
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FIGURE  115.  TRANSMITTANCE  FOR  A VERTICAL  PATH  LOOKING  DOWN  FROM 
100  km . Temperate  Winter  atmosphere. 
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FIGURE  115.  TRANSMITTANCE  FOR  A VERTICAL  PATH  LOOKING  DOWN  FROM 
100  km.  Temperate  Winter  atmosphere.  (Concluded) 
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FIGURE  116.  TRANSMITTANCE  FOR  A VERTICAL  PATH  LOOKING  DOWN  FROM 
100  km.  Arctic  Svmire.*  a '..nosphere. 
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FIGURE  117.  TRANSMITTANCE  FOR  A VERTICAL  PATH  LOOKING  DOWN  FROM 
100  km . Arctic  Winter  atmosphere. 
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We  Jo  not  have  a program  to  calculate  path  radiance  using  the  LOWTRAN  2 me’hod, 
although  to  produce  one  would  be  no  difficult  task.  Selby  (1971a)  has  provided  curves  showing 
the  variation  oi  spectral  radiance  (looking  down  from  space)  for  six  model  atmospheres,  the 
five  described  In  Section  iO,  plus  the  196?  U.S.  Standard  Atmosphere.  These  curves  are  a .n- 
pilct?  in  Figure  118,  Selby  has  provided  also  another  set  of  curves,  given  In  Figure  92, 
allegedly  comparing  the  radiance  calculated  using  the  LOWTRAN  2 transmittance  w:th  values 
presumably  observed  in  a Nimbus  experiment  The  ? .-ference  cited  Is  Conrath,  et  al.  (1971), 
although  no  reference  information  Is  provided.  Thus,  there  is  no  way  to  check  this  result. 

The  figure  shows  a rather  good  agreement  between  the  observed  and  calculated  values  which 
were  obtained  using  actual  sounding  data  for  the  atmospheric  parameter:..  Comparisons 
with  Nimbus  data,  however,  would  usually  be  expected  to  have  limited  meaning  without 
specific  atmospheric  data,  because  for  any  set  of  conditions  which  could  purportedly  fit  the 
modei  atmosphere  data,  the  Nimbus  spectral  radiance  can  vary  considerably. 

This  latter  fact  points  out  the  need  for  simultaneous  measurement  of  environmental  con- 
ditions If  valla  comparisons  are  to  be  made.  Figure  11°  gives  evidence  of  the  wide  range  of 
spectra  one  can  accumulate  f-om  Nimbus  measurements,  all  fitting  *he  standardized  atmos- 
pheric category  of  Midlatltude-Win’er.  The  differences  are  obviously  dependent  on  the  par- 
ticular atmospheric  conditions  which  prevailed  at  the  time  of  the  measurement,  including, 
presumably,  actual  temperature  differences,  amounts  of  ozone  and  water  vapor,  presence  ol 
clouds,  etc.  We  can  choose,  incidentally,  one  spectrum  out  of  another  group  of  Nimbus  data 
which  would  come  close  to  a spectral  radiance  curve  by  the  Aggregate  method  although  not 
the  nearly  perfect  fit  shown  in  Figure  92.  (Selby  had  access  to  actual  sounding  data  in  choosing 
the  fit  to  Fig.  92.)  Figure  120?  is  a resuit  of  the  Aggregate  calculation  using  the  Midlatitude- 
Summer  atmospheric  model  (see  Section  10).  Other  curves  of  spectral  radiance  calculated  using 
the  Aggregate  method  for  various  model  atmospheres  are  shown  In  Figures  121  through  124. 

Comparing  the  spectral  radiances  of  Figure  120  with  their  counterparts  In  Figure  92,  we 
find  that  the  values  calculated  with  LOWTRAN  are  remarkably  similar  to  those  using  the 
Aggregate  method.  Without  more  information  on  the  manner  in  which  Figure  92  was  obtained 
it  is  not  possible  to  say  anything  further  about  the  comparison,  especially  since  the  LOWTRAN 
2 method  predicts  generally  lower  transmittances  in  this  spectral  region. 

On  the  other  hand,  we  have  made  calculations  of  spectral  radiance  at  two  polrts,  650  and 
850  cm’\  using  the  Drayson  program  for  caaculatir.g  transmittance.  Since  the  output  of  the 
program  Is  an  ’Infinitely"  resolved  spectrum,  we  smoothed  the  data  to  yield  the  equivalent  of 
the  result  which  wo'ild  be  obtained  by  an  lnstrumen*  with  a triangular  slit  function  of  width 
20  cm'*.  The  20  cm'*  width  was  used  to  coincide  wit!:  that  corresponding  to  the  results  of 
the  LOWTRAN  2 method.  The  two  values  obtained  are  shown  plotted  as  two  points  on  Figure  12Ca, 
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FIGURE  119.  NIMBUS  IV  (IRIS)  SATELLITE  DATA 
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(c)  20  Dcrerr.bcr  1970  at  41.410°  latitude  and  100,34°  longitude 


FIGURE  119.  NIM3US  IV  (IRIS)  SATELLITE  DATA  (Continued) 
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(c)  3 January  1971  at  41.271°  latitude  and  306.39°  longitude 
FIGURE  119.  NIMBUS  IV  (IRIS)  SATELLITE  DATA  (Continued) 
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FIGURE  119.  NIMBUS  IV  (IRIS)  SATELLITE  DATA  (Concluded) 
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(a)  Aggregate  Method:  Dray  son  data  points  shown  at  650  cm'* 
and  850  cm-*  for  a vertical  path  looking  down  from  100  km. 
Temperate  Summer  model  atmosphere. 


FIGUILE  120.  COMPARISON  BETWEEN  RADIANCE  FOR  CALCULATION  .dY 
THE  AGGREGATE  METHOD  AND  OBSERVED  NIMBUS  IV  SATELLITE  DATA 
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FIGURE  123.  AGGREGATE  MODEL  ATMOSPHERE  (ARCTIC  SUMMER)  TOR  A 
VERTICAL  PATH  LOOKING  DOWN  FROM  100  km 
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an  Aggregate  method  spectrum  computed  for  a Midlatituae-Summcr  atmospheric  model.  The 
spectral  resolution  corresponding  to  this  region  for  the  Aggregate  model,  as  shown  in  Table  57, 
is  about  5 cm"*.  Because  this  is  somewhat  smaller  than  the  20  cm**  used  in  the  line-by-lir.e 
calculation,  the  agreement  is  perhaps  less  than  the  excellent  agreement  shown  on  the  figure. 

The  difference  between  the  spectrum  and  the  point  computed  at  d50  cm“*  with  the 
line-by-line  method  seems  to  tend  in  the  expected  direction.  Drayson's  program  does  not 
account  for  absorption  by  ifce  1^0  continuum,  making  transmittance  by  this  method  at  850  cm'* 
a few  percent  higher  than  by  the  Aggregate  method.  The  calculated  radiance  would  ordinarily 
be  higher  by  Drayson's  technique,  because  the  earth  radiance  in  the  Aggregate  method  would 
be  attenuated,  replaced  by  the  lower  radiance  of  the  cooler  H2O  vapor  at  higher  altitude. 

To  show  comparison  of  Nimbus  data  with  the  results  of  a line-by-line  method  (that  of  Kunde) 
of  calculation  we  have  reproduced  a curve  by  Conrath,  et  al  (1970)  which  seems  to  agree  with  the 
conditions  given  for  the  curves  of  Figure  92  and  Figure  120a.  This  curve  is  shown  in  Figure  125. 
We  have  retained  the  scales  in  the  original  calculations,  but  note  that  they  are  all  consistent. 
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FIGURE  125.  THE  400  TO  1000  cm'1  PORTION  OF  THE  NIMBUS 
3PECTRUM.  The  dashed  curve  Is  calculated  with  Kunde's  line-by- 
iine  method.  (Reproduced  from  Conrath,  et  al.,  1970  [224] .) 
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10 

ATMOSPHERIC  CONSTITUENTS 
10.1  INTRODUCTORY  REMARKS 

The  accumulation  of  data  that  has  been  gathered  by  various  investigations  provides  no 
basis  upon  which  it  would  be  practical  to  creati  a formal  model  for  the  various  constituents 
in  the  atmosphere.  Therefore,  any  models  which  appear  in  this  report  must  be  simply  rporo- 
ductions  of  those  which  have  already  been  compiled  in  other  reports  for  the  calculation  of 
atmospheric  transmittance.  A cursory  search  of  the  contents  of  the  Journal  of  the  Atmospheric 
Sciences  revealed  no  important  new  models  which  should  necessarily  succeed  the  ones  in 
current  use.  However,  there  is  much  work  being  done,  for  example,  in  studying  the  sizes  and 
concentration  of  scattering  constituents,  and  perhaps  in  the  very  r.ear  future  some  significant 
data  will  be  forthcoming  to  provide  more  reliable  inputs  for  model  calculations.  It  is  felt 
that  the  current  Inputs  are  reliable,  but  perhaps  limited  in  that  they  do  not  account  for  the 
huge  variations  which  are  known  to  occur  on  a yearly  and  even  dally  basis,  or  between  prox- 
imate geographical  locations.  It  will  be  noticed,  however,  that  the  atmospheric  models  for, 
say,  the  Aggregate  and  LOWTRAN  methods  do  not  necessarily  coincide. 

The  U.S.  Standard  Atmosphere,  divided  Into  regional  and  temporal  groups,  is  the  one  m'.st 
feasible  for  presentation  of  the  more-or-less  common,  or  basic,  properties  of  the  atmosphere, 
temperature,  pressure  and  density  of  the  stable  components  of  air.  All  absorption  models  of 
which  we  are  aware  consider  the  fractional  composition  of  certain  of  the  chief  absorbers,  i.e., 
CXig.  CO,  CH^,  N2O,  as  constant  with  altitude  in  the  troposphere.  Obviously,  this  must  be 
untrue  under  circumstances  for  which  it  Is  known  that  certain  gases,  for  special  reasons,  appear 
In  more  than  their  normal  concentrations.  Even  where  extraordinary  conditions  do  not  exist, 
there  can  be  temporal  and  geographical  variations  in  the  "fixed-concentration"  gases.  It  is 
evident,  then,  that  model  atmospheres  are  just  models,  and  are  to  be  used  to  predict  trans- 
mittance In  those  cases  for  which  an  average  value,  related  to  average  conditions,  can  be 
accepted.  When  more  precise  information  Is  required,  the  profiles  of  all  important  physical 
parameters  must  be  known  and  used  In  the  models  for  calculating  atmospheric  transmittance. 

For  the  investigator  who  wibhes  to  probe  more  deeply  Into  the  variability  one  might  expect 
in  the  model  atmospheres  that  are  used  for  generalized  transmittance  calculations,  there 
exist  reports  and  articles  covering  many  phases  of  investigations:  on  the  properties  of  the 
atmosphere  which  Influence  transmittance.  Particular  attention  Is  given  to  aerosols,  because 
their  variability  is  so  great,  and  the  Interest  In  this  variability  is  keen  because  scattering 
phenomena  are  so  sensitive  to  it.  One  issue  of  the  Journal  ot  Geophysical  Research  was 
devoted  to  the  topic  of  sea-air  chemistry,  with  the  publication  of  many  papers  from  a Working 
Symposium  on  Sea-Air  Chemistry.  Of  particular  interest  to  the  person  makirg  atmospheric 


421 


Ip 


FORMERLY  WILLOW  RUN  LABOKA’OR.tS.  THE  UNIVERSfTY  OF  MICHIGAN 


transmittance  calculations  is  a paper  by  Junge  [284]  on  the  physics-chemistry  of  aerosols  in 
m "ine  environments.  In  this  paper,  he  discusses  five  different  particle  types:  these  with 
radii  larger  than  20  iim,  sea  spray  particles,  tropospheric  background  particles,  mineral  dust 
particles,  and  particles  with  radii  smaller  than  0.03  pm.  In  the  same  issue,  Moyers  and  Dace 
[ 285] , [ 286]  discuss  gaseous  and  particulate  iodine  and  bromine  in  the  marine  atmosphere. 

10.2  PRINCIPAL  GA3ES  FOR  ABSORPTION 

Since  the  absorptive  properties  of  the  gases  are  given  in  detail  in  Section  4,  we  present 
only  the  meteorologically  related  parameters  in  this  section. 

10.2.1  CARBON  DIOXIDE  (C02) 

Carbon  dioxide  is  chief  among  the  fixed  gases  in  absorption  and  emission  of  atmospheric 
radiation.  In  the  predecessor  to  this  report  (Anding,  1967),  a large  section  is  devoted  to  a 
discussion  of  the  accumulation  of  data  on  CO2  and  other  atmospheric  gases  of  importance  t > 
this  study.  No  attempt  will  be  made  to  reproduce  that  discussion  here.  Taken  from  that 
report,  Table  58  depicts  the  values  of  the  concer.trations  of  COz  obtained  by  various  invest- 
igators. The  concentration  chosen  for  the  Aggregate  method  is  320  ppm.  The  value  quoted 
by  Laulainen  (1972)  is  about  325  ppm,  uniformly  mixed  up  to  the  stratopause,  'where  it  is 
presumably  destroyed  by  photochemical  decomposition.’'  The  yearly  increase  in  COg  is  con- 
sidered to  be  about  1 ppm.  The  value  used  in  the  LOWTRAN  2 model  is  shown  in  Table  59, 
along  with  the  values  for  other  fixed  gases  used  in  that  model. 

10.2.2  NITROUS  OXIDE  (N2O) 

Considered  in  the  early  part  of  the  century  as  a fixed  constituent  of  the  atmosphere, 
(which  dissociates  in  the  stratosphere),  and  later  confirmed  by  Adel  [287] , [288] , NgO  is 
considered,  as  quoted  by  Laulainen,  to  have  a fractional  volume  abundance  of  2.5  x 10-^. 

Table  60  (see  Anding,  1967)  showc  the  values  obtained  by  different  investigators.  The  value 
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Atmosphere,"  Astrophys.  J.,  Vol.  87,  1938,  p.  198. 

28C.  A.  Adel,  "Note  on  the  Atmorpherlc  Oxides  of  Nitrogen,”  Astrophys.  J.,  Vol.  90,  1939, 
p.  627. 
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TABLE  53.  CONCENTRATION  OF  CARBON 
DIOXIDE 


Source 

CO2  Content 
(PP*7l) 

Valley  [290] 

31< 

Keeling  [291] 

314 

Callendar  [ 292] 

320 

Glueckauff  [293] 

330 

Fonsellous  [294] 

321-329 

Bray  [ 295] 

320 

Average 

321  ± 5 

290.  L-  Valley,  Handbook  of  Geophysics  and  Space  Environments,  Air  Force  Cambridge 
Research  Laboratories,  196S. 

291.  C.  D.  Keeling,  "The  < centratlon  and  Isotopic  Abundance  cf  Carbon  Dioxide  In  the 
ntmosphere,"  Tellus,  Vol.  12,  196n. 

292.  G.  S.  Callendar,  "On  the  Amount  of  Carbon  Dioxide  In  the  Atmosphere,"  Tellus,  Vol.  10, 
1958,  np.  243-248. 

293.  E.  G.  Gluscxauff,  "CO2  Content  of  the  Atmosphere,"  Nature,  Vol.  153,  1944,  pp.  620- 
621. 

294.  S.  Fonsellous,  F.  Koroleff  and  K.  Burch,  "Mlcrodetermlnatlon  of  CO2  In  'he  Air  with 
Current  Data  for  Scandinavia,"  Tellus,  Vol.  7,  1955,  pp.  258-265. 

295.  J.  R.  Bray,  "An  Analysis  of  the  Possible  Recent  Change  in  Atmospheric  Carbon  Dioxide," 
Tellus,  Vol.  11,  1959,  pp.  220-230. 


TABLE  59.  CONCENTRATIONS  OF  UNIFORMLY  MIXED  GASES. 
(From  McClatchey,  et  al,,  1972  [21] .) 

(cm-atm)STp  (cir-atm)5Tp/km 


Constituent 

Molecular 

wt. 

ppm  by 
vol. 

in  vertical  path 
from  sea  level 

in  horizontal  path 
at  sea  level 

gm  crn'Vmb 

Ref. 

Air 

28.97 

106 

8 x 105 

ip5 

1.02 

[290] 

co2 

44 

330 

264 

33 

5.11  x 10*4 

[296] 

n2o 

44 

0.28 

0.22 

0.028 

4.34  x 10*7 

[297] 

CO 

28 

0.075 

o.oe 

0.0075 

7.39  x 10*8 

[298] 

CF/j 

16 

1.6 

1.28 

0.16 

9.01  x 10'7 

[299] 

°2 

32 

2.095X 

105 

1.68  x 10s 

2.095  x 104 

0.236 

[290] 

268.  U.  Fink,  D.  H.  Dank  and  T.  A.  Wiggins,  J.  Opt.  Soc.  Am.,  Vol.  54,1964,  p.  472. 

297.  J.  W.  Blrkel-nd  and  J.  H.  8hav-,  J.  Opt.  Soc.  Am.,  Vol.  49,  1959,  p.  637. 

298.  J.  H.  Shaw,  Monthly  Report  on  Infrared  Temperature  Sounding,  KF  Project  2469,  Report 
No.  18,  Ohio  State  University,  Columbus,  October  19(18. 

299.  J.  H.  Shaw,  A Determination  of  tho  Abundance  of  N-O,  CO,  and  CH4  In  Ground  Level 
Air  at  Several  Locations  Near  Columbus,  Ohio,  Sc^  Report  No.  1,  Contract  AF  19(604)- 
225S,  AFCRL. 
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TABLE  60.  CONCENTRATION  OJ  NITROUS  OXIDE 


Author 

Date 

Adel  [ 300] 

1941 

Shaw,  Sutherland, 
and  Wormell  [ 301] 

1943 

McMath  and 
Goldberg  [ 302] 

1948 

Slobod  and 
Krogh  [ 303] 

I960 

Birkeland,  Burch, 
and  Shaw  [304] 

1957 

Birkeland  [305] 

1957 

Bowman  [ 306] 

1959 

U.S.  Standard 
Atmosphere 

1962 

Location 

Content 

(ppm) 

Arizona 

0.38 

England 

1.25 

Michigan 

0.5 

Texas 

0.5 

Chtsapeake  Bay 

0.43 

Ohio 

0.28 

Ohio 

0.28 

0.5 

J00.  A.  Adel,  "Equivalent  Thickness  of  the  Atmospheric  Nil  roue  Oxide  Layer,"  Phys.  Rev., 
Vol.  59,  1941,  p.  944. 

301.  J.  H.  Snaw,  G.  B.  B.  M.  Sutherland  and  T.  W.  Wormell,  "Nitrous  Oxide  In  the  Earth’s 
Atmosphere,"  Phys.  Rev.,  Vol.  74,  1948,  p.  978. 

302.  R.  McMath  and  L.  Goldberg,  "The  Abundance  and  Temperature  of  Methane  In  the 
Earth's  Atmosphere,"  Proc.  Am.  Phys.  foe.,  Vol.  74,  1948,  p.  623. 

303.  R.  L.  Slobod  and  M.  E.  Krogh,  "N'tn.js  Oxide  as  a Constituent  of  the  Atmosphere," 

J.  Am.  Chcm.  Soc.,  Vol.  72,  1950,  pp.  1175-1177. 

304.  J.  W-  Blrkeland,  D.  E,  Burch  and  J.  H.  Shaw,  "Some  Comments  on  Two  Articles  by 
Taylor  and  Yates,''  J.  Opt.  Soc.  Am.,  Vol.  47,  1957,  p.  441, 

305.  J.  W.  Elrkeland,  "Determination  of  Ground  Level  N2O,”  M.S.  thesis,  Ohio  State 
University,  Columbjs,  1957. 

306.  A.  L.  Bowman,  A Determination  of  the  Abundance  of  Nitrous  Oxide,  Carbon  Monoxide 
and  Methane  In  Ground  Level  Air  at  Several  Locations  near  Columbus,  Ohio  (Scientific 
Report  No.  1 on  Contract  AF  19(604  >-2259),  Ohio  State  University,  Columbus,  1959. 


424 


\ 


■Spww*,,*w 


m^m  -lujii 


FORXI^LY  WILLOW  RUN  LABO»4ATOBllV  TM£  UNIVCBSITV  C T MICHIGAN 

chosen  for  the  Aggregate  method  is  0.28  ppm,  as  it  is  for  the  LOWTRAN  2 method  (as  shown 
in  Table  59).  Goldman,  et  al.  [ 289)  indicate  that  the  measurements  giving  these  results  were 
made  at  ground  level.  From  the  measurement  of  emission  spectra  from  balloons,  they  have 
determined  that  the  mean  value  for  a range  of  altitudes  from  5 to  13  km  is  0.14  ± 0.04  ppm. 

10.2.3  CARBON  MONOXIDE  (CO) 

As  with  the  other  fixed  gases,  CO  is  considered  to  be  uniformly  mixed  vertically,  at  least 
up  to  the  tropopause,  above  which  it  is  oxidized  to  CO2.  The  concentration  then  Increases 
higher  in  the  stratosphere  and  in  the  mesosphere.  There  is  no  strong  indication  that  there 
are  significant  long-term  increases  in  CO,  parti  Uy  because  short-term  temporal  and  spatial 
variations  tend  to  conceal  whatever  small  long-term  increases  might  occur.  Laulainen 
suggests  that  natural  production  and  destruction  of  CO  are  sufficient  to  override  man-produced 
causes.  The  variability  from  different  regions  causes  a range  of  concentrations  from  0.01  to 
0.20  ppm  in  remote  locations  and  from  0.4  to  2.2  ppm  in  urban  areas.  The  fixed  value  used  in 
the  Aggregate  method  is  0.12  ppm,  whereas  as  shown  In  Table  59,  LOWTRAN  2 uses  0.075. 
Table  61  shows  the  ranges  of  CO  concentrations  obtained  by  various  Investigators. 

10.2.4  METHANE  (CH4) 

Laulali.^n  (1972)  reports  a volume  mixing  ratio  of  almost  1.6  ppm,  which  is  approximately 
constant  with  altitude  up  to  the  tropopause,  then  decreases  rapidly  in  the  lower  stratosphere. 
The  value  used  in  the  Aggregate  mot  nod  is  1.1  ppm  and  in  the  LOWTRAN  method  is  1.6  ppm 
as  seen  In  Table  59. 

10.2.5  NITRIC  ACID  (HNO3) 

Nitric  acid,  discovered  recently  in  ihe  stratosphere  by  Mui  cray,  et  al.  [ 307] , is  con- 
sidered as  an  absorber  only  in  the  Aggregate  method.  The  values  used  for  all  atmospheric 
models  (described  in  the  next  section  under  water  vapor)  are  shown  as  a curve  of  mixing 
ratio  vs  altitude  in  Figure  126.  More  recent  balloon -flight  measurements  by  Murcray,  et  al. 
[308]  show  distributions  with  altitude  produced  as  in  Figure  127,  where  the  absorber  amounts 
corresponding  to  the  measured  data  are  shown  on  the  curves. 


\ 


280.  A.  Goldman,  D.  G.  Murcrav  and  F.  H.  Murcray,  et  al.,  "Abundance  of  NjO  In  the  At- 
mospliere  between  4 !>  and  13.5  am,"  J.  Opt.  Soc.  Am.,  Vol.  60,  No.  11,  1070,  pp.  1466- 
1468. 


307.  L.  G.  Murcray,  T.  G.  Kyle,  F.  H.  Murcray  ana  W.  I.  Williams,  "Nitric  Acid  and  Nitric 
Oxide  in  the  Lower  Stratosphere,"  Nature,  Vol.  218,  1968,  p.  78. 

308.  D.  G.  Murcra-%  A.  Goldman  and  A.  Csocke-Poeckh,  et  nl.,  "Nitric  Acid  Distribution  In 
the  Stratosp'-ere,"  J.  Coophys.  Res.,  Vol.  78,  No.  30,  1973,  pp.  7033-7038. 
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TABLE  61.  CONCENTRATION  OF  CARBON  MONOXIDE 


Mean  Concentration 

Range 

location 

Observers 

(ppm) 

(ppm) 

Columbus,  Ohio 

Migeotte  [309] 

0.125* 

— 

Columbus,  Ohio 

Bowman  [ 306] 

1.1 

0.4-2. 2 

Columbus,  Ohio 

Shaw  and  Howard  [310] 

[ 311], Shaw  and  Neilson[ 312] 

0.125** 

0.075-0.25 

Columbus,  Ohio 

Shaw  [313] 

0.075*  * 

0.05-0.125 

Ottawa,  Canada 

Locke  and  Herzberg 
[314] 

0.1625 

0.09-0.18 

Jungfraujoch, 

Benesch,  Migeotte,  and 

0.075*  * 

0.025-0.11 

Switzerland 

Neven  [ 315] 

Flagstaff,  Arizona 

Adel  [316] 

0.125* 

... 

* Concentration  determined  from  published  spectra. 

* * Concentration  reduced  to  sea  level  assuming  uniform  vertical  distribution. 

309.  M.  V.  Mlgrotte,  "The  Fundamental  Band  of  Carbon  Monoxide  at  4.7  p in  the  Solar 
Spectrum,"  Phys.  Rev.,  Vol.  75,  1949,  p.  1108. 

310.  J.  H.  Shaw  and  J.  N.  Howard,  "A  Quantitative  Determination  of  the  Abundance  of  Telluric 
CO  Above  Columbus,  Ohio,"  Pbys.  Rev.,  Vol.  87,  1952,  p.  380. 

311.  J.  H.  Shaw  and  N.  Howard,  "Absorption  of  Telluric  CO  In  the  23  p Region,"  Phys.  Rev., 
Vol.  61,  1952,  p.  679. 

312.  J.  H.  Shaw  and  H.  H.  Nielson,  Infrared  Studies  of  the  Atmosphere  (Final  Report  on 
Contract  AF  19(122)-65),  Ohio  State  University  Research  Foundation,  Columbus, 

1954. 

313.  J.  H.  Shaw,  The  Abundance  of  Atmospheric  CO  above  Columbus,  Ohio  (Contract  AF 
19(604)1003),  Report  No.  AFC11C  TN  57-212,  Ohio  State  University  Research  Founda- 
tion, Columbus,  1957. 

314.  J.  L.  Lock e and  L.  Herzberg,  "The  Absorption  due  to  Carbon  Monoxide  in  the  Infrared 
Solar  8pectrum,"  Can.  J.  Phys.,  Vol.  31,  1953,  p.  504. 

31a.  W.  Benesch,  M.  V.  Mlgeotte  and  L.  Neven,  'Investigations  of  Atmospheric  CO  at  the 
Jungfraujoch,"  J,  Opt.  Soc.  Am.,  Vol.  43,  1953,  p.  1119. 

310.  A.  Adel,  "Identification  of  Carbon  Moitoxlde  in  the  Atmosphere  above  Flagstaff, 
Arizona,"  Astrophys.  J.,  Vol.  116,  1952,  p.  442. 
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10.2.6  WATER  VAPOR  (H20) 

Water  vapor  Is  the  atmosphere's  most  variable  gaseous  constituent  from  the  st'indpoint 
of  atmospheric  transmittance.  Andlng  (1967)  has  a lengthy  discussion  on  the  variability  of 
water  vapor  and  the  numerous  measurements  made  on  it.  Laulainen  quotes  the  variability  as 
10*2  t0  i„  the  mining  ratio,  with  a diminution  as  a result  of  condensation  and  precipitation 
of  about  1/3  for  every  2 km,  reaching  the  value  of  roughly  3 x 10*6  in  the  stratosphere.  The 
profiles  of  water  vapor  are  given  in  conjunction  with  the  regional -temporal  profile  of  pressure, 
temperature,  and  air  density,  corresponding  to  the  following  climates:  tropical;  midlatitude 
summer;  midlatitude  winter;  subarctic  summer;  and  subarctic  winter.  Tables  of  pressure, 
temperature  and  density  as  functions  of  altitude  for  these  regions  and  climates  are  shown  in 
Table  62.  Values  for  the  water  vapor  profile  (Valley,  1965  and  Sissenwine,  et  al.  [317] ) used 
In  the  LOWTRAN  method  (McClatchey,  et  al.,  1972)  and  the  ERIM  version  of  the  Aggregate 
method,  are  shown  in  the  fifth  column  of  each  of  these  tables.  The  Aerospace  version  of  the 
Aggregate  method  uses  a somewhat  different  set  of  profiles  (Hamilton,  et  al.,  1973)  showr  in 
Figure  12G  (Valley,  1961  and  Goldman,  et  al.  [ 318]  ).  Recent  results  oi  measurements  v/ith 
balloon-borne  instrumentation  (Brooks,  et  al.  [ 319]  ) are  shown  in  Figur  e 129,  A recent 
summary  article  [320]  compares  the  values  of  various  measurements.  From  a search  of 
37  winter  months  of  synoptic  charts,  the  author  concludes  that  the  30-mbar  H20  vapor  mixing 
ratio  is  approximately  6-8  ppm  in  the  high  latitudes  of  the  Northern  Hemisphere  over 
populated  areas. 

10.2.7  OZONE  (03) 

Ozone  is  another  highly  variable  atmospheric  constituent,  regarding  Doth  the  time  of  year 
and  geographical  location.  The  concentration  peaks  at  about  30  km,  where  Laulainen  quotes 
a mixingratio  of  better  than  10  ppm.  Andlng  has  an  extensive  discussion  of  the  variability 
of  ozone  and  the  measurements  made  on  it.  The  Aerospace  version  of  the  Aggregate  method 


317.  N.  Slssenwlne,  D.  Grantham  and  N.  S.  Salmela,  Humidity  Up  to  the  Mesopauss,  Report 
No.  AFCRL-68-0550,  Air  Force  Cambridge  Research  Labs.,  Bedford,  Mass.,  1968. 

318.  A.  Goldman,  Distribution  of  Water  Vapor  In  the  Stratosphere  as  Determined  from 
Balloon  Measurements  of  Atmotpherlc  Emission  Spectra  In  the  24  to  29  m Region, 
Report  No.  AFCRL  72-0077,  University  of  Denver,  1972. 

319.  J.  N.  Brooks,  A.  Goldman,  J.  J.  Rosters,  D.  G.  Murcray,  F.  H.  Murcray  and  W.  J. 
Williams,  "Balloon-Borne  Infrared  Measuiements,”  In  Physics  and  Chemistry  of  Upper 
Atmospheres,  B.  N.  McCoimac  (ed.),  Proceedings  of  a Symposium  organized  by  the 
Summer  Advanced  Study  Institute,  held  at  the  University  of  Orleans,  France,  July  Si- 
August  11,  1972,  D.  Reidel  Publishing  Co.,  Dordrecht,  Holkhd,  1973,  pp.  278-285. 

320.  J.  L.  Stanford,  ’^Stratospheric  Water-Vapor  Uopcr  Limits  Inferred  from  Upper-Air 
Observations,  Part  I:  Northern  Hemisphere,"  Bulb  Am.  Met.  Soc.,  Vol.  55,  No.  3, 

1974,  p.  194. 
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TABLE  62.  MODEL  ATMOSPHERES  USED  AS  A BASIS  OF  THE  COMPUTATION  OF 
ATMOSPHERIC  OPTICAL  PROPERTIES.  (From  McClatchey,  el  aL,  1972  [21  j.) 


(a)  Tropical 

Ht. 

(kin) 

Pressure 

(mb) 

Temp. 

(°K) 

Density 
( g/-r\ 3) 

Water  Vapor 
(g/m3) 

Ozone 

(g./m3) 

0 

1.  013E+03 

300.  0 

1.  167E+03 

1.  9E+01 

5.  6E-05 

1 

0.  040E+02 

294.  0 

1.  064E+03 

1.  3E+01 

5.6E-05 

2 

8.  050E+02 

288.  0 

9.  689E+02 

9.  3E+00 

5.4E-05 

3 

7. 150E+02 

284.  0 

8.  756E+02 

4.7E+00 

5.  IE-05 

4 

6. 330E+02 

277.  0 

7. 951E+02 

2.2E+00 

4.7E-05 

5 

5. 590E+02 

270.  0 

7. 199E+02 

1.  5E+00 

4.  5E-05 

6 

4. 920E+02 

264.  0 

6.  S01E+02 

8.  5E-01 

4.3E-05 

7 

4. 320E+02 

257.0 

5.  855E+02 

4 7E-01 

4.  IE-05 

8 

3.78UE+02 

250.  0 

5.  258E+02 

2. 5E-01 

3.  9E-05 

9 

3. 290E+02 

244.0 

4.  708E+02 

I.2E-01 

3.  9E-05 

10 

2. 860E+02 

237.0 

4.  202E+02 

5.  0E-02 

3.9E-05 

11 

2. 470E+02 

230.0 

3.  740E+02 

1.7E-02 

4.  IE-05 

12 

2. 130E+02 

224.0 

3.  316E+02 

6.  0E-03 

4.3E-05 

13 

1.  820E+02 

217.0 

2.  929E+02 

1.8E-03 

4.5E-05 

14 

1.  560E+02 

210.  0 

2.  578E+02 

1.  0E-03 

4.5E-05 

15 

1.  320E+02 

204.0 

2. 260E+02 

7.  6E-04 

4.  7E-05 

16 

1.  110E+02 

197.0 

1.  972E+02 

6.4E-04 

4.7E-05 

17 

9.  370E+01 

195.0 

1.  676E+02 

5.  6E-04 

6.  9E-05 

16 

7.  890E+01 

199.0 

1.  382E+02 

5.0E-04 

9.  0E-05 

19 

6.  660F+01 

203.0 

1.  145E+02 

4.  92-04 

1.4E-04 

20 

5.  650E+01 

207.0 

9.  515E+01 

4.  5E-04 

1.  9E-04 

21 

4.  800E+01 

211.  0 

7.  933E+01 

5.  IE -04 

2.4E-04 

22 

4.  08QE+01 

215.0 

6.  645E+01 

5.  IE -04 

2.8E-04 

23  ! 

3.  500E+01 

2 17.  0 

5.  618E+01 

5.4E-04 

3.2E-04 

24 

3.  OOOE+Ol 

219.0 

4. 763E+01 

6.  0E-04 

3.4E-04 

25 

2.570E+01 

221.0 

4. 045E+C1 

6.7E-04 

3.4E-04 

30  ' 

1.  220E+01 

232.0 

1.  831E+01 

3.  6E-04 

2.4E-04 

35 

6.  000E+00 

243.0 

8.  600E+00 

1.  IE-04 

9.2E-05 

40 

3.  050E+00 

254.0 

4. 181E+00 

4.  3E-05 

4.  IE-05 

45 

1.  590E+00 

265.0 

2. 097E+00 

1.  9E-05 

1.  3E-05 

50 

8.  540E-01 

270.0 

1.  101E+00 

6.  3E-06 

4.  3E-C6 

70 

5.780E-02 

219.0 

9.  2 10E-02 

l.  4E-07 

8.  6E-08 

100 

3.  00DE-04 

2 id.  0 

5.  OOOE-04 

1.  0E-09 

4.3E-11 
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TABLE  62.  MODEL  ATMOSPHERES  USED  AS  A BASS  OP  THE  COMPUTATION 
OF  ATMOSPHERIC  OP71CAI,  PRCP'-IUTES.  (From  I.IcCli  tchey,  et  al.,  l‘U2[21J.) 

(Continued) 


(b) 

Midlatitude  Summer 

Ht. 

Pressure 

Temp. 

Density 

Water  Vapor 

Ozone 

(km) 

(mb) 

(°K) 

(s/m-M 

(s/m3), 

(S/m3) 

0 

1.  013E+03 

294.0 

1.  191E+03 

1.  4E+01 

6.  0E-05 

1 

9.  020E+02 

290.0 

1.  080E+03 

9.  3E+00 

6.0E-05 

2 

8.  020E+02 

285.  0 

9.  757E+02 

5.  0E+00 

6.  02-05 

3 

7.  100E+02 

279.  0 

8.  8‘»6E+02 

3.  3E+00 

6.  2E-05 

4 

6.  280E+02 

273.  0 

7.  998E+02 

1.  9E+00 

G.  4E-05 

5 

5.  540E+02 

267.  0 

7.21 1E+C2 

1.0E+00 

8.  6E-05 

6 

4.  870E+02 

261.  0 

6. 487E+02 

6.  IE-01 

G.  9E-05 

7 

4. 260E+02 

255.  0 

5.  830E+02 

3.  7E-01 

7.  5E-05 

8 

3.720E+02 

248.  0 

5.  225E+02 

2. IE-01 

7.  9E-05 

9 

3.  240E+02 

242.  0 

4. 669E+02 

1.  2E-01 

8.  6E-05 

10 

2.  810E+02 

235.  0 

4.  159E+02 

6.  4E-02 

A AC  I 

\J  - bo  w w 

11 

2.430E+02 

229.  0 

3.  693E+02 

2.  2E-02 

1.  IE-04 

12 

2. 090E+02 

222.  0 

3.  269E+02 

6.  CE-03 

1.2E-04 

13 

1.790E+02 

216.0 

2. 882E*02 

1.  8E-03 

1.  SE-04 

14 

1.  530E+02 

216.  0 

2. 464E+02 

1.  0E-03 

1.8E-04 

15 

1.  300E+02 

216.  0 

2.  104E+02 

7.  62-04 

1.  9E-04 

16 

1.  110E+02 

216.0 

1.  797E+02 

6.  4E-04 

2.  IE  04 

17 

9.  500E+01 

216.0 

1.  535E+02 

5.  6E-04 

2.4E-04 

18 

8.  120E+01 

216.  0 

1.  305E+02 

r..  0E-04 

2.8E-C4 

19 

6.  950E+01 

217.0 

1.  1 10E+02 

4.  9E-04 

3.  2E-04 

20 

5.  950E+01 

218.  0 

9. 453E+01 

1.  5E-04 

3.4E-04 

21 

5.  100E+01 

219.  0 

8.  055E+01 

5.  IE-04 

3.  6E-04 

22 

4. 370E+01 

220.  0 

6.  872E  + 01 

5.  IE-04 

3.  6E-04 

23 

3. 760E+01 

222.  0 

5.  867E+01 

5.4E-04 

3.  4E-04 

24 

3.  220E+91 

223.  0 

5.  014E+01 

6.  0E-04 

3.  2E-04 

25 

2. 770E+C1 

224.  0 

4.  288E+01 

G.7E-04 

3.  0E-04 

30 

1.  320E+01 

234.  0 

1.971E+01  1 

3.  GE-04 

2 . 0Z-04 

35 

6. 520E+00 

243.  0 

C.2C4E+00 

1.  IE-04 

9.  2E-05 

40 

3. 330E+00 

258.0 

4.505E+00 

4.3E-05 

> * 

4.  IE -Da 

45 

1.  760E+00 

270.  0 

2.233E-r00 

1.  9E-C5 

J.  3E-05 

50 

9.  510E-01 

276.  0 

1.202E+C3 

6.  3E-06 

4. 3E-  06 

70 

6.  7 10E-02 

218.  0 

1.P71E-01 

1.4E-07 

8.  6E-08 

100 

3.  000E-04 

210.  0 

5.  OOOE-Oi 

1.  0E-09 

4.  3E-11 

♦Original  numbers  have  been  corrected. 
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TABLE  62.  MODEL  ATMOSPHERES  USED  AS  A BASIS  OF  THE  COMPUTATION 
OF  ATMOSPHERIC  OPTICAL  PROPERTIES.  (From  McClatchey,  et  al.,  1972 [21].) 

(Continued) 


(C) 

Midlatituds  Winter 

Hi. 

(km) 

Pressure 

(mb) 

Temp. 

<°K) 

Density 

(g/m3) 

Water  Vapor 
(g/m3' 

Ozone 

(g/m3) 

0 

1.  018E+03 

272.2 

1.301E+03 

3.  5E+00 

6.  0E-05 

1 

8.  973E+02 

268.7 

1.  162E+03 

2.  5E+00 

5.4E-05 

2 

7.  897E+02 

265.2 

1.  037E+03 

i.  8E+00 

4.  9E-05 

3 

6.  938E+02 

261.7 

b.  230E+02 

1.  2E+90 

4.  9E-05 

A 

6.  081E+02 

255.7 

8.282E+02 

6.  6E-01 

4.9E-05 

5 

5.  313E+02 

249.7 

7.41 1E+02 

3.  8E-01 

5.  8E-05 

6 

4.  627E+02 

243.  7 

6.614E+02 

2. IE-01 

6.  4E-05 

7 

4.  016E+02 

237.7 

5.  886E+02 

8.  5E-02 

7.7E-05 

8 

3.  473E+02 

231.7 

5. 222E+02 

3.  5E-02 

9.  0E-05 

9 

2.  992E+02 

225.7 

4.  619E+02 

1.6E-02 

1.  2E-0-  ' 

10 

2.  568E+02 

219.7 

4.  072E+02 

7.5E-03 

1.8*.  •'i 

11 

2.  199E+02 

219.2 

3.  496E+02 

B.  9E-03 

2.  IE -04 

12 

1.  882E+02 

218.7 

2.  999E+02 

6.0E-03 

2.6E-04 

1.3 

1.  6I0E+02 

2 18.2 

2.  572E+02 

1.  8E-03 

3.0E-04 

14 

1.  378E+02 

217.7 

2.  206E+02 

1.0E-03 

3.  2E-04 

15 

1.  178E+02 

217.2 

1.  890E+02 

7.  6E-04 

3.4E-04 

16 

1.  007E+02 

216.7 

1.  620E+02 

6.4E-04 

3.  6E-04 

17 

8.  610E+01 

216.2 

1.  388E+02 

5.6E-04 

3.  9E-04 

18 

7.  350E+01 

215.7 

1.  188E+02 

5.  OE-94 

4.  IE-04 

19 

6.  280E+01 

215.2 

1.  017E+02 

4.  9E-04 

4.  3E-04 

20 

5.  370E+01 

215.2 

8.  690E+01 

4.5E-04 

4.5E-04 

21 

4.  580E+01 

215.2 

7.42 1E+01 

5.  IE-04 

4.  3E-04 

22 

3.  910E+01 

215.2 

6.  338E+01 

5.  IE -04 

4.  3E-04 

23 

3.  340E+91 

215.2 

5.415E+01 

5.4E-04 

3.9E-04 

24 

2.  860E+01 

215.2 

4.  624E+01 

6.0E-04 

3.  6E-04 

25 

2. 430E+01 

215.2 

3. 950E+01 

6.  7E-C4 

3.4E-04 

30 

1.  1 10E401 

217.4 

1.  7P3E+01 

3.  6E-04 

1.  9E-04 

35 

5.  180E+00 

227.  8 

7.  924E+00 

1.  IE-04 

9.2E-05 

40 

2.  530E+00 

243.2 

3.  62  5E+00 

4.  3E-05 

4.  IE-05 

45 

1.  290E+00 

258.  5 

1.741E+00 

1.  9E-05 

1.  3E-05 

50 

6.  820E-0 1 

265.7 

8.  954E-01 

6.  3E-06 

4.  3E-06 

70 

4.  6/0E-02 

230.7 

7.051E-02 

1.4E-07 

3.  6E-08 

100 

3.  000E-G4 

210.2 

5.  000E-04 

1.  0E-09 

4.  3E-11 
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TABLE  62.  MODEL  ATMOSPHERES  USED  .AS  A BASIS  OF  THE  COMPUTATION 
OF  ATMOSPHERIC  OPTICAL  PROPERTIES.  ^From  McClatchey,  et  al.,  1972  [21].) 

(Continued) 


(d)  Subarctic  Summer 

Ht. 

(tan) 

Pressure 

(mb) 

Temp. 

(°K) 

Density 

(g/m3) 

Water  Vapor 
(g/m3) 

Ozone 

(g/m3) 

0 

1.  010E+03 

237.0 

1.  220E+03 

9.  1E+00 

4.9E-05 

1 

8.  960E+02 

282.0 

1.  110E+03 

6.  OE+00 

5.4E-05 

2 

7.  929E+02 

276.0 

9.  97  IE +02 

4.2E+00 

5.6E-05 

3 

7.  000E+02 

271.0 

8.  985E+02 

2.7E+00 

5.8E-05 

4 

6.  160E+02 

266.0 

8. 077E+02 

1.7E+00 

6.  0E-05 

S 

5. 4 10E+02 

260.0 

7.244E+02 

1.  0E+O0 

6.4E-05 

6 

4. 730E+02 

253.  0 

6.  S19E+02 

5.4E-01 

7.  IE-05 

7 

4.  130EI-02 

246.0 

5.  849E+02 

2.9E-01 

7.  5E-05 

8 

3.  590E+02 

239.0 

5.231E+02 

1.  3E-02 

7.9E-05 

9 

3.  107E+02 

232.0 

4. 663E+02 

4.2E-02 

1.  IE-04 

10 

2.  677E+02 

225.0 

4.  142E'-02 

1.5E-02 

1.  3E-04 

11 

2.  300E+02 

225.0 

3.  559E+02 

9.4E-03 

1.  8E-04 

12 

1.  977E+02 

225.0 

3.  059E+02 

6.  0E-03 

2.  IE- 04 

13 

1.  700E+02 

225.0 

2.  630E+02 

1.  8E-03 

2.6E-04 

14 

1.  460E+02 

225.0 

2. 260E+02 

1.  0E-03 

2.8E-04 

IS 

1.  250E+02 

225.  0 

1.  943E+02 

7.6E-04 

3.  2E-04 

16 

1.  080E+02 

225.0 

1.  67 1E+02 

6.  4E-04 

3.4E-04 

17 

9.  280E+01 

225.0 

1.  436E+02 

5.  6E-04 

3.  9E-04 

18 

7. 980E+01 

225.0 

1.  235E+02 

5 0E-04 

4.  IE-04 

19 

6. 860E+01 

225.0 

1.  062E+02 

4.  SE-04 

4.  IE-04 

20 

5. 880E+01 

225.0 

9.  128E+01 

4.5E-04 

3.  9E-04 

21 

5. 070E+01 

225.  0 

7.  849E+01 

5.  IE *04 

3.  6E-04 

22 

4. 360E+01 

225.0 

6.  750E+01 

5.  IE-04 

3.2E-04 

23 

3. 750E+01 

225.0 

5. 805E+01 

5.4E-04 

3.  UE-04 

24 

3.  227E+01 

226.0 

4. 963E+01 

6.  0E-04 

2.8E-04 

25 

2.  780E+01 

228.  0 

4. 247E+01 

6.  7E-04 

2.  6E-04 

30 

1.  340E+01 

235.0 

1.97SE+01 

3.  6E-04 

1.4E-04 

35 

6. 610E+00 

247.0 

9.320E+00 

1..1E-04 

9.2E-05 

40 

3.  400E+00 

262.0 

4.52GE+00 

4.3E-05 

4.  IE-05 

45 

1.  810E+00 

274.0 

2.314E+00 

' * 1.  9E-05 

1.  3E-05 

50 

9.  870E-01 

277.0 

1.240E+00 

6.  3E-06 

4.3E-0R 

70 

7.  070E-02 

216.0 

1.137E-01  j 

1.4E-07 

8.  6E-08 

100 

3.  OOOE-04 

210.0 

5.  000E-04 

1.0E-09 

4.3E-11 

♦Original  numbers  have  been  corrected. 
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TABLE  62.  MODEL  ATMOSPHERES  USED  AS  A BASIS  OF  THE  COMPUTATION 
OF  ATMOSPHERIC  OPTICAL  PROPERTIES.  (From  McClatchey,  et  el.,  1972  [21].) 

(Concluded) 


(e)  Subarctic  Winter 

Ht. 

(km) 

Pressure 

(mb) 

Temp. 

<°K) 

Density 

<g/m3) 

Water  Vapor 
(g/m3) 

Ozone 

(g/m3) 

0 

1.  013E+03 

257.  1 

1.  377E+03 

1.2E+00 

4.  IE-05 

1 

8.  878E+02 

259.  1 

1.  193E+03 

1.  2E  (-00 

4.  IE-05 

2 

7, 775E+02 

255.  9 

1.  058E+03 

9.4E-01 

4.  IE-05 

3 

6.  798E+02 

252.7 

9.  366E+02 

6.  8E-01 

4.  3E-05 

4 

5.  932E+02 

247.7 

8.  339E+02 

4.  IE-01 

4.  5E-05 

5 

5.  15PE+02 

240.9 

7.457E+02 

2.0E-01 

4.7E-05 

6 

4.467F’4T> 

234.  1 

6.  646E+02 

9.  8E-02 

4.9E-05 

7 

3.  853E+02 

227.  3 

5.  904E+02 

5.4E-02 

7.  IE-05 

8 

3.  308E+02 

220.  6 

5.  226E+02 

1.  IE -02 

9.  0E-05 

9 

2.  829E+02 

217.2 

4.  538E+02 

8.4E-03 

1.6F-04 

10 

2.418E+02 

217.2 

3.  879E+02 

5.  5E-03 

2.4E-04 

11 

2.  067S+02 

217.2 

3.  315E+02 

3.  8E-03 

3.2E-04 

12 

1.  766F+02 

217.2 

2.  834E+02 

2.6E-03 

4.3E-04 

13 

1.  510E+02 

217.2 

2.  422E+02 

1.  8E-03 

4.7E-04 

14 

1.  291E+02 

217.2 

2.  071E+02 

1.  0E-03 

4.9E-04 

IS 

1.  103E+02 

217.2 

1.  770E+02 

7.6E-04 

5.6E-04 

16 

9. 431E+01 

216.6 

1.  517E+02 

6.4E-04 

6.2E-04 

17 

8.058E+0I 

216.0 

1.  300E+02 

5.  6E-04 

6.2E-04 

18 

6.  882E+01 

215.4 

1.  113E+02 

5.  0E-C4 

6.2E-04 

19 

5.  875E+01 

214.8 

9. 529E+01 

4.  9E-04 

6.  0E-04 

20 

5.  014E+01 

214.  1 

8.  155E+01 

4.  5E-04 

5.6E-04 

21 

4.  277E+01 

213.6 

6.  976E+01 

5.  IE-04 

5.  IE-04 

22 

3.  647E+01 

213.0 

5. 966E+0I 

5.  IE-04 

4.7E-04 

23 

3. 109E+01 

212.4 

5. 100E+01 

5.4E-04 

4.  3E-04 

24 

2. 649E+01 

211.8 

4. 358E+01 

6.0E-04 

3.  6E-04 

2S 

2. 25CE+01 

211.2 

3.  722E+01 

6.7E-04 

3.2E-04 

30 

1.  020E+01 

216.0 

1.  645E+01 

3.6E-04 

1.  5E-04 

35 

4. 701E+00 

222.2 

7.  308E+00 

1.  IE-04 

9.2E-05 

40 

2.  243E+00 

234.7 

3.  330E+00 

4.  3E-05 

4.  IE-05 

45 

1.  113E>00 

247.0 

1.  569E+00 

1.9E-05 

1.3E-05 

50 

5.71SE-01 

259.3 

7.  682E-01 

6.3E-06 

4.3E-06 

70 

4.  016E-02 

245.7 

5.  695E-02 

1.4E-07 

8.  GE-09 

100 

3.  CC0E-04 

210.0 

5.  OOOE-04 

1.  0E-09 

4.  3E-11 
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FIGURE  123.  MIXING  RATIO  OF  WATER  VAPOR  AS  DERIVED 
FROM  A 13-LAYER  AND  A K T AYER  CALCULATION  USING 
THE  25  pm  LINE  GROUP  EC  THE  22  FEBRUARY  1971  BALLOON  . 
FLIGHT.  The  slash  near  14  kin  Indicates  the  boundary  between 
two  layers  with  similar  mlrdrg  ratio.  The  mixing  ratio  derived 
from  a 15-layer  calculation  using  the  25  poj  line  group  Icr  the 
23  J'ine  1371  balloon  flight  la  shown  by  the  doited  line.  {Repro- 
duced from  Brocks,  et  al.,  1973  [ 319] .) 
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uses  only  one  (temperate-summer)  profile  (obtained  from  He-ing,  [ 321] ) to  fit  all  regional- 
temporal  conditions.  This  is  shown  in  Figure  130.  The  ERIM  version  c!  the  Aggregate  method 
and  the  LOW? RAN  method  use  the  tabulated  values  of  the  separate  regional  climates  fror.i 
Valley  (1905).  These  are  shown  as  the  dxth  column  in  Table  62.  Krueger  [ 322]  reports  the 
recults  of  rocket  soundings  made  from  latitudes  58°S  to  64°N.  These  results  are  reproduced 
in  Figure  131,  showing  variabilities  in  the  measurements. 

10.3  SCATTERING  CONSTITUENTS 

10.3.1  EXTRATERRESTRIAL  RADIATION 

The  major  portion  of  the  electromagnetic  energy  which  arrives  at  the  surface  of  Earth 
originates  from  the  sen;  and,  to  a great  extent  the  solar  radiation  is  responsible  for  atmos- 
pheric weather  conditions.  According  to  Drummond  [323]  , more  than  39%  of  the  solar  radi- 
ation is  contained  within  the  spectral  band,  0.2  - 4.0  am.  Cur  rent  values  of  the  solar  constant 
range  from  1.365  x 10®  mW/m^  to  1.394  x 10®  mW/in^.  Early  work  was  done  at  the  surface 
of  Earth,  and  the  results  were  extrapolated  to  the  top  of  the  atmosphere,  whereas  current 
investigations  make  use  of  high-altitude  rockets  ar.d  satellites. 

For  our  present  work  we  are  interested,  not  in  the  total  irradiar.ee  at  the  top  of  the  atmo- 
sphere, but  rather  in  the  extraterrestrial  solar  spectral  irradiance.  Figure  132  shows  this 
spectral  h radiance  as  interpreted  by  Pettit  [ 324]  . For  more  accurate  spectral  values,  one 

should  consult  Gates  [ 325] , Gast,  et  al.  [326]  and  Thekaekara  [ 327]  . The  units  of  solar 
o 

irradiance  are  mW/cra  -nm. 

For  particles  with  size:,  much  smaller  than  the  size  of  the  wavelergth  of  the  radiation 
impinging  upon  tnem,  the  Incident  field  is  nearly  uniform  and,  as  a result,  a dipole  radiation 
field  is  produced.  The  scattering  of  thi3  radiation  is  called  Rayleigh  scattering  and  was 


321.  W.  S.  Bering  and  T.  R.  Borden,  Ozone  Observations  Over  North  America,  OAR  Research 
Report  No.  AFCaL-bi  -30,  Vol.  2,  1904. 

322.  A.  J.  Krueger,  The  Mean  Ozone  Distribution  from  Several  Series  of  Rocket  Soundings 
to  52  km  Latitudes  from  54°S  to  64°N,  NASA  Report  No.  X -051-73-67,  Goddard  Space 
Flight  Center,  Greenbelt.  Ud.,  1973. 

323.  A.  J.  Drummond,  Advances  la  Geoohyslcs,  H.  E.  Landsberg  and  J.  Van  Mlegham  (eds.), 
Vol.  14,  Academic  I'ress,  K.  Y.,  1970,  p.  25. 

324.  E.  Pettit,  Astrophysics,  J.  A.  Hynck  fed.),  McGraw-Hill,  N.  Y.,  1051,  p.  259. 

325.  D.  M.  Gatee,  Science,  Vol.  151,  No.  3710,  1968,  pp.  525  -5  29. 

326.  P.  R.  Gast,  A.  Jursa,  J.  Castelll,  S.  Basu  and  J.  Aaro.is,  Handbook  of  Geophysics  and 
Space  Environments,  S.L.  Valley,  ti.,  McGraw-Hill,  New  York,  1665,  p.  16-1. 

327.  M.  P.  Thekaekara  aid  A.  J.  Drummond,  'Standard  Values  for  the  Solar  Const'-.it  and 
Ua  Spectral  Components,"  Natvre  Physical  Science,  Vol.  2'9,  1971. 


iitiil 


FORMERLY  WILLOW  RUN  LABORATORIES.  THE  UNIVERSITY  Of  MICHIGAN 


attributed,  by  Lord  Rayleigh,  to  the  effect  of  molecules.  We  now  know  tha*  this  scattering 
process  is  caused  by  density  fluctuations  in  the  atmosphere.  For  Rayleigh  scattering,  the 
intensity  of  scattered  radiation  varies  as  X*^  (1  + cos^  9),  where  9 is  the  angle  of  scattering. 
Almost  ten  times  as  much  radiation  is  scattered  at  the  short  visible  wavelengths  than  is 
scattered  at  the  long  visible  wavelengths.  This  accounts  for  the  blue  sky. 

Besides  Rayleigh  scattering,  we  can  consider  two  other  processes.  One  Is  Thomson 
scattering,  which  is  the  scattering  of  radiation  from  unbound  particles  like  free  electrons. 

This  type  of  scattering  is  Independent  of  wavelength.  Another  important  photon-scattering 
process  is  the  strong  resonance  scattering  which  occurs  because  certain  resonant  frequencies 
of  an  atom  or  molecule  are  excited.  Refer  also  to  the  absorptive  properties  of  atmospheric 
constituents  discussed  in  Section  4. 

In  all  these  scattering  processes,  the  scattered  radiation  and  the  incident  radiation  have 
the  same  wavelength;  therefore,  in  the  context  of  this  report  these  processes  are  said  to  be 
coherent.  There  are  also  incoherent  processes,  such  as  Raman  scattering  and  Compton 
scattering,  in  which  the  scattered  photon  has  an  energy  different  from  that  of  the  incident 
photon.  Compton  scattering  is  Important  only  at  high  photon  energies,  and  Raman  scattering 
is  usually  so  weak  that  special  techniques  must  be  used  to  investigate  it.  (Luminescence  can 
also  be  considered  an  incoherent  scattering  process,  depending  upon  the  lifetime  of  an  excited 
state.)  However,  we  shall  not  consider  incoherent  scattering  processes  in  this  report. 

10.3.2  AEROSOLS 

Generally,  we  can  define  an  aerosol  as  a dispersed  solid  or  liquid  particle  suspended  in 
a gaseous  medium,  such  as  air.  This  definition  includes  hazes,  clouds,  mists,  fogs,  smokes, 
smogs,  and  dusts.  For  haze,  clouds,  and  fogs,  one  usually  assumes  that  the  particles  are 
composed  of  water  in  either  the  liquid  or  solid  (ice)  phase.  Smokes,  smogs,  and  dusts  can 
consist  of  a variety  of  particulate  mrtter,  including  metallic  substances. 

The  study  of  aerosols  is  complicated  by  the  dynamics  of  the  atmosphere.  A variety  of 
sources  exist;  the  particles  are  carried  by  the  wind,  coagulate,  evaporate,  condense,  precipi- 
tate and  are  dispersed  world-wide.  The  primary  natural  sources  are:  (1)  dust  rise  by  wind; 

(2)  sea  spray;  (3)  extraterrestrial  material;  and  (4)  dust  from  volcanoes  and  fires.  In  addition, 
there  are  secondary  sources  such  as  the  emission  of  hydrocarbon  vapors  from  conifers  which 
react  photochemlcally  to  produce  the  blue  hazes  seen  over  forests.  Anthropogenic  sources 
Include  smoke  from  stationarj  sources  and  motor  vehicles.  Table  63  from  Hidy  and  Brock 
[328]  illustiates  the  major  sources  of  aerosols.  It  is  inleresting  to  note  that  the  anthropogenic 
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TABLE  63.  SOME  IMPORTANT  SOURCES  OF  ATMOSPHERIC  AEROSOLS.  Production 
Rate  in  Tons  Day"1  on  a Worldwide  Basis.  (From  Hidy  and  Brock,  1971  [328].) 

(a)  Natural 


Estimated 

Max.  % 

Estimated 

Max.  % 

production 

by  wt.  of 

production 

by  wt.  of 

Source 

rate 

total 

Source 

rate 

total 

Primary 

2. 

Secondary 

Dust  Rifle  by  Wind 

2 x 10  M0* 

9.S 

Vegetation 

5 x 105- 

28. 

Sea  Spray 

3 x 106 

28. 

( hydrocar  bon  8- 
terpenes) 

3x  106 

Extraterrestrial 

50-550 

Sulfur  Cycle 
(oxidation  of 

105-106 

(meteoritlc  dust) 

9.3 

Volcanic  Dust 

104 

0.09 

H2S— SOa2") 

(Intermittent) 

c 

Nitrogen  Cycle 

7 x 105 

Forest  Fires 

4x  10* 

3.8 

Ammonia 

6.5 

(intermittent)  NOx — NO3  106  8.3 

Volcanoes  (volatiles,  *T03  0.009 

SO*  and  H2S)  — inter- 
mittent 


Sub-total 

10.1  x 106 

(b)  Anthropogenic 

Source 

Estimated 

Production 

rate 

Max.  % 
by  wt.  of 
total 

1.  Primary 

Combustion  and  industrial 
Dust  rise  by  cultivation  (inter- 
mittent) (U.S.  only) 

1-3  x 105 
102-103 

2.6 

0.009 

2.  Secondary 

Hydrocarbon  vapors  (Incomplete 
combustion,  etc. 

7 x 103 

0.065 

Sulfates  (oxidation  of  SOo  and 
H2S) 

3 x 105 

2.8 

Nitrates  (oxidation  of  NOx) 

6 x 10* 

0.56 

Ammonia 

3 X 102 

0.028 

Sub-total  anthropogenic 

6.7  x 105 

7.1  -6% 

Total:  All  sources  10.7  x vP tens  day"1 


328.  G.  M.  Hldy  and  J.  R.  Brock,  An  Asseesment  of  the  Global  Sources  of  Tropospheric 

Aerosols,  Proceedings  of  the  2nd  International  Clean  Air  Congress,  H.  M.  England  and 
W.  T.  Boerg  (eds  ),  1971,  pp.  1088-1037. 
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contribution  is  about  6 or  7%  of  the  total.  Nevertheless,  there  could  be  an  amplification  effect; 
i.e.,  a small  aerosol  input  to  the  atmosphere  could  result  in  a large  change  in  the  climate. 

Man's  impact  on  the  global  climate  is  a problem  which  has  not  yet  been  resolved. 

Rozenburg  [ 329]  considers  the  optical  weather  of  the  atmosphere  to  be  divided  into  five 
classes:  (1)  haze,  resulting  from  dust  clouds,  smoke  from  forest  fires  and  commercial  objects, 
and  products  of  volcanic  activity;  (2)  mist,  which  results  from  the  growth  of  very  small  particles 
called  Aitken  nuclei;  (3)  misty  fog,  a product  of  the  condensation  of  moisture  on  larger  particles; 
(4)  fogs  and  clouds,  produced  in  the  condensation  state  in  the  atmosphere;  and  (5)  mist  with 
drizzle,  a heterogeneous  formation,  resulting  from  mist  penetrated  by  drizzle. 

The  composition  of  particles  can  range  from  ,aire  water  to  strongly  absorbing  soot-like 
particles  composed  of  phosphates,  sulfates,  iron,  and  other  compounds.  Most  Important  from 
an  optical  point  of  view,  however,  is  the  refractive  index  of  the  particles.  Deirmendjlan  [ 330]  , 
Lukes  [ 331]  , and  Kondratyev,  et  al.  [ 332]  have  compiled  data  on  water,  soot,  and  ammonium 
sulfate,  with  the  index  of  refraction  represented  by: 

m(\)  = n(X)  - !k(X)  (407) 

where  n(X)  is  the  real  part  and  k(X)  is  the  imaginary  part.  These  are  presented  in  Figure  123. 

As  one  can  see  from  the  data  there  is  a wide  range  of  values  which  in  turn  can  lead  to  large 
differences  in  the  optics  of  the  atmosphere. 

If  one  considers  condensation  processes,  the  variability  in  the  optical  properties  of  the 
atmosphere  is  extreme.  As  an  example,  the  scattering  coefficient  of  air  in  the  visible  region 
of  the  spectrum  varies  from  lO'^km'*  for  very  light  haze  conditions  to  lO^km’l  for  extremely 
dense  fogs.  Because  the  optical  properties  of  an  aerosol  particle  depend  on  the  size  of  that 
particle,  it  is  important  to  consider  the  range  in  particle  sizes.  Junge  [ 333]  separates  the 
particles  into  three  regions  as  given  in  Table  64.  The  Aitken  nuclei  are  believed  to  originate 


329.  G.  V.  Rozer.burg,  Optical  Investigation*  of  Atmospheric  Aerosol,  Soviet  Physics  Uspekhi, 
Vol.  11.  No.  3,  1968,  pp.  353-380. 

330.  D.  Deirmendjlan,  Electromagnetic  Scattering  on  Spherical  Polydisperslona,  American 
Elsevier  Publishing  Company,  New  York,  1969. 

331.  G.  D.  Lukes,  Optical  Constants  of  Water  Particulates  for  Wavelengths  In  the  Visible 
and  Infrared,  Particulate  Models:  Their  Validity  and  ApFllcatln.is,  I.  H.  Bllfford,  Jr. 
(ed.),  Report  No.  NCAR-TN/PROG-C8,  Boulder,  Colo.,  1971. 

332.  X.  Ya.  Kondratyev,  O.  B.  Vaallyev,  L.  S.  Ivlev,  G.  A.  Nikolsky  aial  O.  I.  Smoktz,  Influ- 
ence of  Aerosol  on  Radiative  Transfer;  Possible  Climatic  Consequences,  University 
of  Leningrad,  1973. 

J33.  C.  E.  Junge,  Air  Chemistry  and  Radioactivity,  Academic  Press,  N.  Y.,  1933. 
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FIGURE  133.  THE  REFRACTIVE  INDEX  OF  VARIOUS  AEROSOLS  AS  A FUNCTION  OF  WAVELENGTH 
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TABLE  64.  SIZE  DISTRIBUTION  OF  AEROSOL 
PARTICLES.  (From  Junge,  1963  [333] .) 


Range 


Particle 

Radius 

(cm) 


Aitken  Nuclei 


10"7- 10'5 


Large  Particles 


10‘5-10'4 


Giant  Particles 


>10 


-4 
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from  forest  fires,  volcanoes,  and  man-made  sources.  The  concentration  of  these  particles  is 
about  10  to  100  times  greater  over  the  continents  than  over  the  oceans.  Since  their  radii  are 
much  less  than  the  wavelengths  in  the  visible  region  of  the  spectrum,  these  Dartlcles  do  not 
seriously  affect  atmospheric  visibility. 

Condensation  nuclei  fall  in  the  large-particle  region  and,  since  they  are  the  nuclei  activated 
during  the  formation  of  water  droplets  or  fogs,  they  are  important  for  Visibility  considerations. 
These  nuclei,  which  constitute  the  bulk  of  the  large  continental  aerosols,  contain  a wide  range 
of  chemical  compounds,  such  as  NH4,  Na+,  Mg++,  SO^  , NO^,  and  NOj.  Aerosols  near  coastal 
regions  or  over  the  ocean  have  a different  distribution  of  particle  sizes,  having  more  giant 
particles  than  the  continental  aerosols  have.  Moyers  and  Dues  (1972a)  collected  air  samples 
in  a marine  atmosphere  showing  a concentration  of  gaseous  iodine  from  5 to  2C  mg/m  . 
Particulate  samples  were  collected  in  the  ratio  of  1 :(2  to  4)  compared  with  gaseous  iodine. 
Gaseous  bromine  concentrations  (Moyers  a..J  Juce,  1972b)  covered  about  50  my/m  . Parti- 
culate concentrations  of  bromine  were  in  the  ratio  1:(4  to  10)  with  i nspect  to  gaseous  bromine. 

For  the  purposes  of  dealing  with  the  optical  properties  of  hazes,  Delrmendjian  (1969)  has 
represented  hazes,  fogs,  clouds,  rain,  and  bail  by  simple  distribution  functions.  He  considers 
a modified  gamma  distribution  given  by 

N(r)  = ar5  exp  (-bry)  (406) 

0 5f  <00 

The  four  constants,  a,  6,  b,  and  y,  are  positive  and  real  but  are  not  Independent  of  each  other. 
For  example,  by  Integrating  Fq.  (408)  over  r,  the  radius  of  the  particles,  v/e  get  the  total 
particle  number  density  D. 

00 

D = a I rC  exp  (-bry)  dr 

0 (409) 

Vr  r (til) 

Hence,  the  constant,  a,  can  be  given  in  terms  of  D.  Also,  by  differentiating  Eq.  (408)  with 
respect  to  r,  one  can  find  the  maximum  of  the  distribution.  Thus 


(410) 
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where  r Is  the  mode  radius  oi  the  distribution  function, 
c 

Deirmendjian  (1969)  has  considered  essentially  three  haze  models,  each  of  which  is  des- 
cribed by  the  function  (408)  with  different  values  of  the  constants  in  each  case.  Haze  M is 
used  to  describe  marine  or  coasfal  hazes;  haze  L is  used  to  represent  a continental-type 
aerosol;  and,  haze  H is  used  to  represent  a high-level  or  stratospheric  aerosol.  These  three 
distributions  are  illustrated  in  Figure  134.  Junge's  (1972)  survey  presents  evidence  "that  the 
troposphere  over  the  oceans  is  filled  with  a fairly  uniform  background  aerosol  on  which  the 
sea  spray  aerosol  is  superimposed  only  within  the  lowest  kilometers  above  the  sea  surface." 
Figure  135,  reproduced  from  Junge's  article  shows  a summary  of  size  distribution  measure- 
ments over  the  North  Atlantic.  Figure  136,  also  reproduced  from  Junge  (1972)  includes  data 
similar  to  that  in  Figure  135,  but  showing  a differentiation  between  conditions  with  and  without 
Sahara  dust.  Figure  137,  reproduced  from  the  same  article  shows  a compilation  of  the 
undisturbed  marine  aerosols.  The  various  features  of  the  curves  are  explained  in  the  caption 
as  described  by  Junge. 

10.3.3  SCATTERING  PARAMETERS 

The  determination  of  the  absorbing  and  scattering  properties  of  even  simple  aerosol 
particles,  such  as  spherical  water  droplets,  is  a rather  lnvoiv 2d  procedure.  Considering 
standard  electromagnetic  theory,  one  can  find  the  scattering,  absorption,  and  total  extinction 
cross  sections  in  terms  of  the  wavelength  of  the  radiation  and  the  size  and  index  of  refraction 
of  the  particle.  These  are  given  by 


Vri-”V^£<’.*.>(kl2*KI2) 
x £=1 

(411) 

OjW  = at(r)  - as(r) 

(412) 

9 9-,,2  .1. 

ot(r)  = vrzOt  2J2f  + U Re  <af  + b£> 

(413) 

x f =1 


where  the  parameters  af  and  bf  are  given  in  terms  of  Ricatti-Bessel  functions,  and  the  param- 
eter x = 2irr/x.  The  details  of  the  dependence  of  these  cross  sections  on  the  index  of  refraction, 
particle  size,  and  structure  is  beyond  the  scope  of  this  report.  Excellent  treatments  of  this 
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FIGURE  135.  SUMMARY  OF  SIZE  DISTRI- 
BUTION MEASUREMENTS  OVER  THE 
NORTH  ATLANTIC.  .The  full  curve  for  radii 
smaller  than  2 x 10'5  cm  was  obtained  by  a 
combination  of  a photographic  nuclei  countpr, 
diffusion  boxes,  and  electrical  denuders.  The 
dashed  line  is  obtained  by  a five-compcnent, 
double  stage  impactor.  The  line  above  3 x 
10'5  cm  is  a combination  of  measurements 
by  an  optical  counter  (Royco/  and  by  micro- 
scopic evaluation  from  a nozzle  and  a free 
wing  impactor.  Radii  are  given  in  centi- 
meters (l/i=  KT*  cm),  and  the  concentration 
density  is  given  in  particles  per  cubic  cen- 
timeter an**  per  unit  log  radius.  (Reproduced 
from  Junge,  1972  [ 284] .) 
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FIGURr.  136.  SOME  OF  THE  DATA  FROM 
FIGURE  135,  BUT  SEPARATED  INTO  DAYS 
WITH  AND  WITHOUT  SAHARA  DUST  TO 
DEMONSTRATE  THE  DISTRIBUTION  OF 
THE  MINE R\L  DUST  COMPONENT.  Curve 
(a)  is  the  average  distribution  _>r  all  data 
of  the  soluble  fraction  (sea  salt,.  Curves 
(bi ),  (cj ) and  (t^.  (C2 } represent  the  insolu- 
ble particles  for  days  with  and  without  Sahara 
dust.  Curves  (dj)  and  (d2)  arc  distributions 
from  the  Royco  counte  - and  arc  also  for 
days  with  and  without  Sahara  oust.  The 
Sahara  dust  1ms  a range  jn  radius  size  from 
about  3 x 10'°  to  2 x 10'“  cm.  Curve  (e) 
is  the  same  as  that  in  Figure  135  lor  com- 
parison. (Reproduced  from  Junge,  1972  [ 284] .) 
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FIGURE  137.  IDEALIZED  DIAGRAM  OF 
THE  VARIOUS  COMPONENTS  OF  THE 
UNDISTURBED  MARINE  AEROSOL.  The 
diagram  combines  the  Information  from 
several  sources  and  tries  to  represent 
the  present  status  of  our  knowledge. 

Below  line  (a)  Is  the  sea  spray  component 
separated  by  line  (b)  Into  film  and  jet 
particles.  Line  (b)  Is  very  uncertain 
anc  tries  to  demonstrate  the  fact  that 
there  is  considerable  overlapping  of  the 
two  production  mechanisms.  Between 
line  (c)  and  line  (a)  is  the  background 
aerosol,  some  part  of  which  at  least  is 
of  continental  origin.  Above  about  10~4 
cm  the  aerosol  consists  of  about  15% 
of  insoluble  particles  (at  least  over  the 
Atlantic).  Below  10-4  cm  it  consists 
most  likely  of  sulfate,  perhaps  (NH4)2SG4. 
Between  lines  (c)  and  (d)  there  is  some 
indication  of  a component,  which  if  con- 
firmed may  represent  a steady-state 
distribution  due  to  continuous  production 
of  very  small  particles.  In  air  masses 
originating  in  Sahara  dust  storms  the 
additional  dust  component  is  represented 
by  line  (e).  All  curves  below  about  10*4 
cm  are  broken  because  they  are  rather 
uncertain.  (Reproduced  from  Junge, 

1972  (284] .) 
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work  are  given  by  Stratton  [ 334]  , van  de  Hulst  [ 335]  , and  Kerker  | 336]  . 

One  can  find  the  angular  properties  of  the  scattering  cross  section  by  utilizing  the  dimension- 
less single -scattering  phase  function: 


p(  t> , 0 ) = i2((‘)cos 


+ ij(f<  )sin 


(414) 


where  ij(t' ) and  i„(d)  ar0  given  in  terms  ol  Bessel  functions.  The  integral  of  the  phase  function 
(414)  over  all  spate  is  related  to  the  scattering  cross  section  by: 


p(d , 0 )sin  8dt)d0 


(415) 


The  angular  properties  of  the  scattering  functions  involve  lengthy  calculations,  but  they 
have  been  carried  out  for  a great  variety  of  cases.  A considerable  amount  of  work  has  been 
done  by  Gumprecht  and  Sliepeevich  [ 337]  ard  by  Denman,  et  al.  [ 338]  . 

For  hazes,  clouds,  and  fogs,  we  have  a polydispersion  of  water  droplets.  Therefore,  in 
order  to  find  the  scattering,absorption,  and  extinction  coefficients,  it  is  necessary  to  integrate 
over  the  particle  size  distribution:  that  is. 


k '=  f a (r)N(r)dr 
H J 3 

o 

«5 

k’  = [a  (r)N(r)dr 
s J s 

0 

OO 

k’  = j at(r)N(r)dr 
0 


(416) 


(417) 


(418) 


334.  J.  A.  Stratton,  Electromagnetic  Theory,  McGraw-Hill,  N.  V.,  1941. 

335.  H.  C.  Van  de  Hulst,  Light  Scattering  by  Small  Particles,  John  Wiley  and  Sons,  N.  Y., 

If '7. 

336.  M.  Kerker,  The  Scattering  of  Light  and  Other  Electromagnetic  Radiation,  Academic 
Press,  N.  Y.,  1969. 

337.  R.  O.  Gumprecht  ami  C.  M.  Sllepcevtch,  Tables  of  Light -Scattering  Functions  for 
Spherical  Particles,  University  of  Michigan,  Arn  Arbor,  1951. 

338.  H.  H.  Denrr.an,  W.  Heller  and  W.  J.  Pangonls,  Angular  Scattering  Functions  for  Spheres, 
Wayne  State  University  Press,  Detroit,  1966. 
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where  k'  , k'  and  k'  are  the  volume  absorption,  scattering,  and  extinction  coefficients, 

*i  s 

respectively.'*  The  dimensions  of  k'  , k'  and  k'  are  reciprocal  lengths.  Absorption  in  the 

& s 

visible  region  of  the  spectrum  is  generally  small,  and  k'  is  only  significant  in  the  ultraviolet 
and  infrared.  The  spectral  dependence  of  the  scattering  cross-section  og(r)  is  not  as  great 
as  that  for  Rayleigh  scattering.  Thus 


a (Rayleigh)  ~ X* 
s 


-1  3 

a (Aerosols)  ~ X 

S 


From  Eq.(420),  it  is  clear  that  a thin  haze  will  appear  only  slightly  blue. 

Knowing  the  number  density  of  molecules  in  the  atmosphere  or  the  number  density  of 
statistical  fluctuations,  one  can  find  the  corresponding  absorption,  scattering,  and  extinction 
coefficients  for  Rayleigh  scattering  from  Eqs.  (416),  (417)  and  (418).  Likewise,  one  can  also 
find  the  coefficients  k'  , k'  , and  k'  fcr  aerosol  scattering.  Therefore 

3 S 

k’  =k’„  +k’  (421) 

“Rayleigh  “Aerosol 

k’  = k*  + k'  (422) 

8 sRayleigh  sAerosol 

k'  = kRayleigh  + ^Aerosol  (423) 

For  an  atmosphere,  the  number  density  of  particles  decreases  with  increasing  altitude, 
and  it  is  convenient  to  define  a quantity  which  is  a measure  of  the  amount  of  extinction.  This 
quantity  is  the  optical  depth  and  is  defined  as  (see  Section  2.3): 


-k'(z)dz 


where  h is  some  specific  altitude  and  z is  a variable  altitude.  The  optical  depth  of  the  entire 
atmosphere  for  a given  atmospheric  density  profile  is  then 


q0  = J- k'(z)dz 


*A11  quantities  are  spectral,  unless  otherwise  stated. 
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If  the  particle  size  distribution  function  is  independent  of  height,  then 

k'(z)  = otN(z)  (426) 

and 

00 

q = at  [ N(z^z  (427) 

h 

Thus,  we  see  that  q = 0 at  the  top  of  the  atmosphere,  and  q = qQ  at  the  bottom  surface. 

As  illustrated  in  Figure  138,  the  scattering  of  radiation  from  aerosols  is  quite  different 
from  that  caused  by  density  fluctuations  (Rayleigh  scattering)  ir.  the  atmosphere.  For  com- 
parison, the  angular  distributions  resulting  irom  Rayleigh,  aerosol,  and  Isotropic  scattering 
are  shown.  Figure  139  shows  the  angular  distribution  of  radiation  scattered  by  a hate  for 
different  wavelengths  and,  for  comparison,  the  Rayleigh  function  at  0.45  jim.  The  aerosol 
and  Rayleigh  curves  in  Figure  139  are  normalized  t > different  values  and  are  not  directly 
comparable. 

For  radiative -transfer  calculations,  it  would  be  convenient  to  have  a simple  analytical 
expression  describing  the  phase  function.  One  such  function  is  the  Henyey-Greenstein  phase 
function,  defined  as 


p(co8  0)  = 


LUL 

(1  + g2  - 2g  cos  d)3  2 


(42C) 


where  g Is  the  average  value  of  the  cosine  of  the  .catterlig  angle  6.  Perhaps  a more  des- 
criptive parameter  is  the  anisotropy  parameter  »),  the  fraction  of  radiation  scattered  into  a 
forward  hemisphere.  Thus 


2 it  1 

^ fin 7 

00'1 


1 * 
g - 2g  cos  e ) 


1572 


d(cos  6 )d<£ 


(429) 


Figure  140  shows  *he  Henyey-Greenstein  phase  function  for  various  values  of  tj,  and  Figure 
141  shows  a comparison  between  the  Henyey-Greenstein  phase  function  and  a more  realistic 
one  by  Delrmendjlin.  For  typical  haze -type  aerosols  in  the  visible  region,  the  value  of  t;  is 
approximately  0.95  (i.e.,  95%  of  the  radiation  is  scattered  into  the  forv/ard  hemisphere.) 
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Isotropic  and  Rayleigh  Functions 
are  Multiplied  by  Ten 


60° 


90° 


120° 


FIGURE  138.  ANGULAR  DEPENDENCE  OF  SINGLE-SCATTERING  PHASE 
FUNCTIONS  IN  ANY  AZIMUTHAL  PLANE 
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FIGURE  139.  COMPARISON  OF  DEIRMNNDJIAN'S  PHASE  FUNCTIONS 
AT  DIFFERENT  WAVELENGTHS  FOR  WATER  HAZE  L 


p'(cos  0) 
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FIGURE  141.  COMPARISON  OF  DEIRMENDJIAN'S  PHASE  FUNCTION 
FOR  WATER  HAZE  h AT  « 0.45  Mm  AND  THE  HENYEY-GREENSTEIN 
PHASE  FUNCTION  WITH  ANISOTROPY  PARAMETER  17  = 0.9493 
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10.3.4  VISIBILITY 

In  a parametric  study  of  remote  sensing  techniques  in  the  Earth's  atmosphere,  we  should 
include  effects  of  atmospheric  variability.  We  are  primarily  interested  in  the  variations  of 
scattering  properties  in  terms  of  short-term  atmospheric  conditions.  The  long-term,  i.e., 
seasonal,  variation  is  summarized  quite  well  by  Rcbinson  ( 33S] . 

One  parameter  which  can  be  used  for  the  description  of  the  state  of  atmosphere  is  the 
visual  range,  or  visibility.  In  1924,  Koschmieder  [ 340)  assumed  that  the  limiting  '•ontrast 
between  objects  in  daylight  was  0.02  in  order  for  the  objects  to  be  just  barely  vis'ble.  Never- 
theless, today  it  is  quite  conventional  to  use  h s value,  and  we  refer  to  his  limiting  contrast 
as  transmittance.  Using  this  value,  we  find  that  a unique  relationship  exists  between  the 
extinction  coefficient  k and  visibility,  V.  According  to  Koschmieder's  definition,  we  have 

V = (430) 

K 

which  is  shown  in  Figure  142. 

It  has  been  thought  that  dust  particles  emanating  from  volcanic  eruptions  significantly 
affect  the  transmission  of  solar  icdiation.  New  aerosol -density  profile  data  from  the  well 
documented  eruption  of  Agung,  on  Bali,  have  been  analyzed  and  are  used  by  Elterman  [ 341] 
to  determine  a current,  universal,  optical  depth-altitude  relationship  for  wavelengths  in  the 
range  of  0.27  /am  to  4.0  pim.  We  use  this  relationship  in  our  computations.  Based  on  measure- 
ments by  Curcio,  Knestrick,  and  Cosden  [ 342]  , Elterman  [343]  has  developed  formulas  for 
the  extinction  coefficient  as  a function  of  visual  range  and  wavelength.  Using  aerosol-density 
scale  heights,  he  further  determined  an  optical  depth -altitude  relationship  fur  wavelengths  in 
the  range  0.27 pim  to  2.17  pun,  with  wavelengths  selected  in  the  infrared  region  to  correspond 
to  windows,  or  regions  where  the  transmission  is  large.  This  was  done  for  a family  of  visual 
ranges  from  2 km  to  13  km.  A three-dimensional  plot  of  this  relationship  is  shown,  for  a 
wavelength  of  0.55  pm  in  Figure  143.  We  make  use  of  these  parameters  in  a detailed 
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68-0153,  Air  Force  Cambridge  Research  laboratories,  Bedford,  Mass.,  1968. 
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1961. 
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analysis  of  radiative  transfer  in  the  atmosphere.  We  use  a horizontal,  sea -level,  visual 
range.  This  range  may  also  be  the  same  for  i different  atmospheric  aerosol -density  profile. 
The  profile  used  by  Elterman  is  an  exponential  one;  that  is,  the  aerosol  number  density 
decreases  exponentially  with  increases  in  altitudes.  For  additional  information  concerning 
the  optical  properties  of  the  atmosphere,  consult  Rozenburg  (1968),  Kondratyev  (I960), 

Robinson  (1966),  and  Middleton  [344]  . 

10.3.5  PARTICLE  DISTRIBUTION  TO  SUPPLEMENT  ABSORPTION 
BAND  MODEL  CALCULATIONS  IN  THE  IR  SPECTRUM 

Both  of  the  generally  available  methods,  Aggregate  and  LOWTRAN,  use  a simple  extinc- 
tion term  to  account  for  the  usually  small  effect  of  scattering  in  the  infrared  spectral  region. 
Each  calls  for  particle  densities  and  size  distributions  which  have  been  adopted  from  some  of 
the  extensive,  basic  work  that  has  been  done  in  scattering  phenomena.  The  Aggregate  method 
uses  a maritime  haze  model  for  water  droplets  (see  Hamilton,  1973)  with  a size  di.itribution 
shown  in  Figure  144  (see  also  Ref.[  345]  and  a particulate  density  distribution  shown  ,-n 
Figure  145). 

The  LOWTRAN  model  considers  two  aerosol  models  describing  a "clear"  and  "hazy" 
atmosphere  corresponding  to  visibilities  of  23  and  5 km  respectively  at  ground  level.  The 
size  distribution  considered,  as  in  the  Aggregate  method,  to  be  the  same  for  all  altitudes, 
is  that  suggested  by  Deirmendjlan  [346]  for  continental  haze  and  shrvn  in  Figure  146  with 
the  regions  given  by: 

-4 

Nr(r)  = C|  • r for  0.1  Mm  * r < 10  Mm 

Nr(r)  = Cj  • 104  for  0.02  Mm  < r < 0.1  Mm  (431) 

N (r)  = 0 for  r < 0.02  and  r > 10.0 

where  Cj  = 8.83  x 10'*.  The  vertical  distribution  of  particlt  densities  for  the  "clear"  and 
"hazy"  atmospheres  are  given  in  Table  65.  The  Imaginary  pirt  of  the  refractive  index  of  the 
aerosols  is  considered  to  be  zero  below  X = 0.6  pm,  and  to  intrease  linearly  from  0.6  to  2.0  fim. 


i 
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FIGURE  144.  MARITIME  HAZE  WATER 
DROPLET  DISTRIBUTION.  (Reproduced 
from  Hamilton,  et  al.,  1973  [18] .) 


FIGURE  145.  AEROSOL  NUMBER  DENSITY  VERSUS  ALTITUDE 
(Roprodiced  from  Hamilton,  et  al.,  1973  [ 19 J .) 
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FIGURE  146.  NORMALIZED  PARTICLE  SIZE 
DISTRIBUTION  FOR  AEROSOL  MODELS.  (Repro 
duced  from  McClatchey,  et  al.,  1972  [ 21]  .) 
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TABLE  65.  AEROSOL  MODELS:  VERTICAL  DISTRIBUTIONS  FOR  A "CLEAR" 
AND  "HAZY"  ATMOSPHERE.  (From  McClatchey,  et  al.,  1972  [21].) 


PARTICLE  DENSITY  - 
D (PARTICLES  PER  cmJ) 

Altitude 

2C  km  Visibility 

5 km  Visibility 

(km) 

Clear 

Hazy 

0 

2. 828E+03 

1.  378E+04 

1 

1.  244E+03 

5.  030E+03 

2 

5.  371E+02 

1. 844E+03 

3 

2.  256E+02 

6.731E+02 

4 

1.  192E+02 

2. 453E+02 

5 

8.  887E+C1 

8.  987E+01 

6 

6.  337E+01 

6.  337E+01 

7 

5. 890E+01 

5. 890E+01 

8 

6. 069E+01 

6. 069E+01 

9 

5. 818E+01 

5. B18E+01 

10 

5.  675E+01 

5. 675E+01 

11 

5.  317E+01 

5.  317E+01 

12 

5.  585E+01 

5.  585E+01 

13 

5.  156E+0 1 

5. 156E+01 

14 

5. 048E+01 

5.  048E+01 

15 

4.  7**4EtO  1 

4. 744E+01 

16 

4.  511E+01 

4. 511E+01 

17 

4.  458E+0 1 

4. 458E+01 

10 

4.  314E+01 

4.  314E+01 

19 

3.  634E+01 

3.  634E+01 

20 

2. 667E+01 

2.CG7E+01 

21 

1.  933E+01 

1.  933E+01 

22 

1.  455E+01 

1.  455E-Y-01 

23 

1.  113E+01 

1.  1 13E+0S 

24 

8.  826E+00 

8.  826E+00 

25 

7.  429E+00 

7. 429E+00 

30 

2.  238E+00 

2. 238E+00 

35 

5.  890E-01 

5.  890E-01 

40 

1.  550E-01 

1.  550E-01 

45 

4.  082E-02 

4.  082 E- 02 

50 

1.  078E-02 

i.  078E-02 

70 

5.  550E-05 

5.  550E-05 

100 

1.  969E-C8 

1.  969E-08 
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The  values  in  Table  65  are  adjusted  to  match  the  Eiterman  (1968,  1970)  coefficients  at 
0.55  |im  wavelength.  The  effective  ground-level  visible  range  is  23  km.  The  "hazy"  model 
is  the  same  as  the  "clear"  model  above  5 km,  but  increased  exponentially  below  5 km  no 
yield  an  effective  visible  range  at  ground  level  to  5 km. 

There  is  always  an  aerosol  component  in  the  atmosphere,  even  on  very  clear  days,  but 

-2  i 

the  Rayleigh  limit,  with  k = 1.162  * 10  km'1,  corresponds  to  a horizontal  visual  range  of 

336  km.  On  the  other  hand,  for  large  extinction  coefficients  such  as  those  for  a fog,  the 
visual  range  is  only  about  1.2  km.  This  haze-fog  transition  is  shown  in  Figure  142. 
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Appendix 

EARTH  CURVATURE  AND  RETRACTION 

For  the  calculation  of  atmospheric  absorption,  the  earth  is  su  r * ‘ rues  considered  as 
being  constructed  of  plane-parallel  layers,  as  it  usually  is  for  muUlp'e  scattering;  or  as  is 
more  often  the  case,  it  can  be  considered  as  made  up  of  concentric  layers,  bounded  by  shells 
which  form  concentric  spheres  with  the  curved  (assumed  circular)  surface  of  the  earth.  The 
first  approximation  in  this  model  is  to  assume  no  refraction,  as  is  done  <n  *he  calculation 
with  the  Aggregate  method  described  in  Section  7.4.  Thi3  is  a reasonable  approximation 
since  refractive  effects  are  of  minor  importance  In  most  cases  for  which  the  accuracies  are 
of  the  order  usually  expected  from  band-model  calculations;  and  of  less  Importance  than 
the  effect  of  curvature.  A schematic  of  this  type  of  model  is  shown  in  Figure  76  in  Section  7. 

In  the  LOWTftAN  2 model  (see  Section  7.5)  refractive  effects,  which  can  be  important  for 
large  zenith  angles,  are  considered.  Consideration  of  refraction  is  not  difficult  but  it 
requires  an  addition  to  the  numerical  procedure  In  the  computer  program  which  should  be 
explained  This  description,  which  is  slightly  different  from  that  giver,  for  LOWTRAN,  has 
been  given  previously  in  the  1967  State-cf-the-Art  report  (Anding,  1967).  The  procedure 
is  straightforward  and  considers  a spherical  earth  surrounded  by  a spherical  atmosphere. 

It  is  assumed  that  the  atmosphere  exists  in  spherical  shells,  each  shell  being  homogeneous. 
Under  this  assumption  the  refractive  index  will  be  constant  throughout  a given  shell, 
changing  abruptly  as  one  passes  from  one  shell  to  the  next.  The  slant  path  is  defined  by 
the  lowest  point  in  the  path  Z.,  the  highest  point  in  the  path  Z0,  and  the  angle  subtended  by 
Zj  and  Z,j  at  the  earth's  center  (see  Figure  A-l). 

The  first  approximation  to  the  true  path  is  the  straight  line  joining  Z^  and  Z ^ (see  Figure 
A-2).  The  angle  <f>  is  divided  into  N equal  angular  Increments  A^,  A <t>  . •>  A$N,  where  > 

is  determined  from  the  equation 

where  Zy  Z^  and  range  are  expressed  in  meters.  This  method  of  incrementing  the  path 
Insures  that  a point  be  calculated  at  least  every  200  m altitude,  is  defined  as  the  angle 
between  the  line  of  sight  and  the  radial  line  r^.  Point  b is  the  point  where  the  line  of  sight 
intersects  the  second  radial  Une  r ^ If  a tangent  line  t^  is  drawn  through  b which  is  normal 
to  Tg,  it  is  obvious  that  the  angle  0 ^ will  be  given  by 
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when  and  ng  are  the  refractive  indexes  of  the  lower  shell  and  upper  shell,  i espectlvely 

and  R is  the  radius  of  the  eartn. 
e 

To  determine  the  refractive  index  of  any  given  shell  a simple  version  of  the  results  < 
Edlen  [347]  is  used.  This  is  given  by. 


(n  - 1)  x 10; 
a 


■(' 


77.46 


0.459^  P 
,2  / T 


-pH,o( 


43.49 


0.347  \ 
X2  / 


where  na  = refractive  index  of  air  at  temperature  T and  pressure  P 
X = wavelength  in  microns 
T is  in  Kelvin 
P is  atmospheric  pressure 

Pr  q is  the  partial  pressure  of  HjO  vapor  in  millibars 
2 

As  was  stated  previously,  the  refractive  index  of  a given  shell  is  assumed  to  be  constant 
throughout  the  shell.  Also,  for  purposes  of  this  calculation  it  is  assumed  that  the  value  o 
for  the  i-th  shell  is  the  value  calculated  for  the  lowest  altitude  of  the  shell.  LOW  *'  ’AN 
assumes  an  average  value  for  the  shell. 

The  angle  9 ^ in  Eq.  (A-l)  defines  a new  line  of  sight  which  intersects  the  radia’  line  i 
point  c.  A tangent  line  1 2 is  drawn  normal  to  r^.  Then  the  refracted  angle  9 ^ is  given  by 
Snell's  law  as  before.  This  procedure  is  continued  until  the  path  intersects  the  redial  lini 
passing  through  Z 2 at  point  d.  The  altttude  difference  between  Z,,  and  d is  used  to  ir.creai 
the  angle  a.  The  entire  procedure  is  then  repeated  until  the  point  d converges  to  Z 2 with.* 
than  10  m.  When  the  final  refracted  path  is  calculated,  a range-altitude  table  is  compiled 
the  range  is  measured  from  the  lowest  point  in  the  path. 

LOWTRAN  2 has  a thorough  description  of  the  procedure  used  in  its  program  for  diff 
types  of  trajectories.  The  user  is  referred  to  Selby  and  McClatchey,  (1972)  for  the  closer; 
which  covers  the  cases  delineated  in  Figure  A-3  and  specified  as: 

Type  1:  Horizontal  path,  for  which  earth  curvature  and  refraction  are  neglected 

Type  2:  Slant  path  between  points  at  two  different  altitudes 

Type  3:  Slant  path  between  a point  in  the  atmosphere  and  space. 

M7.  D.  Edlen,  "The  Refractive  Index  of  Air,"  Metroio^a,  Vol.  2,  No.  2,  l£53,  p.  71. 
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FIGURE  A-3.  GEOMETRICAL  PATH  CONFIGURATIONS,  (a)  Horizontal  paths 
(Type  1);  (b)  slant  paths  between  two  altitudes  HI  and  H2  (Typo  2);  and  (c)  elant 
paths  to  space  (Type  3).  For  downward  locking  paths  where  HMIN  < H2  < Hi, 
two  trajectories  are  possible  as  indicated  in  (d)  and  (e).  (Reproduced  from 
Selby  and  McClatcfcay,  1972  [20] .) 
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A 

A 

A 


A1 

*2 

*2 


A3 


"6 

A(X) 

A(v) 

aax 

AAi/ 

Aim 


A 

a 

a(T  - Tq) 

a 

a 

a 

a 

al 

“2 

a’(T  - Tq) 
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SYMBOLS 

Absorptance,  Absorptivity 
Constant  (^iasi- Random) 

Area  (cm2) 

Scattering  parameters  (Aggregate) 
Variable  (Smith) 

Variable  (Smith) 

Spectral  parameters  (Aggregate) 

Variable  (Smith) 

Spectral  parameters  (Aggregate) 

Variable  (Smith) 

Spectral  parameters  (Aggregate) 

Variable  (Smith) 

Spectral  parameters  (Aggregate) 

Variable  (Smith) 

Variable  (Smith) 

Spectral  absorptance  (Absorptivity) 
Spectral  absorptance  (Absorptivity) 
Absorptance  (Absorptivity)  over  a band 
Absorptance  (Absorptivity)  over  a band 
Legendre  polynomial  expansion  coefficient 
Legendre  polynomial  expansion  coefficient 

Matrix 

Constant  (Quasi- Random  1 
Variable  (Ellingson) 

Lorentz  line  modification  constant 
Argument  for  Gamma  function 
Rotational  constant 
Slit  width  at  half  intensity  (cm  *) 

Least  squares  parameter  (Zachor) 

Least  squares  parameter  (Zachor) 
Variable  (Ellingson) 

Number  density  ratio  (LOWTRAN) 

Number  density  ratio  (LOWTRAN) 
Scattering  parameter 


Section* 


7 

8 
8 

7 

8 

7 

8 

7 

8 

7 

8 
8 


3 

3 

3 

7 

7 

4 

8 
4 

8 

8 

7 

7 

7 

10 


♦Section  numbers  are  omitted  for  symbols  used  throughout  the  report. 
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Section 


B 

Bn 

B.. 


Bw 

B. 


vs 

b 

b 

b 

b 

b 

b(T  - Tq)2 
b(u,  y) 

b(j/,  i/j) 

b'(T  - Tq)2 

b.(A) 

bs(A) 

bext<*> 


bv(a) 


t rn 
b 

v 

C 

C 

c(v) 

C0(A*) 

C2(Ay) 
Cn(A v) 


c2(a) 

C,(A) 

c4(A) 


Parameter  (Smith)  8 

Self-broadening  coefficient 
Scattering  parameter  (Aggregate) 

Rotational  energy  level  parameter 
Band-model  parameter  (Gibson-Pierluissi) 

Band-model  parameter  (Gibson- Pierluissi) 

Band-model  parameter  (Gibson-Pierluissi) 

Breadth  of  strong  lines  (Benedict,  et  al.) 

Rotational  constant 
Lorontz  line  modification  constant 
Constant  (Quasi-random) 

Maximum  of  particle  distribution 
Variable  (JJllingson) 

Mixed  Lorentz-Doppler  shape  = Y~~  ~H(u,  y) 

Line-shape  factor 
Variable  (Ellingson) 

Absorption  coefficient  (Aggregate-scattering) 

Scattering  coefficient  (Aggregate-scattering) 

Extinction  coefficient  (Aggregate-scattering) 

Equivalent  absorber  amount  for  HgO  continuum  (LOWTRAN)  ^ 
Equivalent  absorber  amount  for  H2<>  continuum  (LOWTRAN)  7 
Scattering  parameter 
Coefficient  in  spherical  harmonics  method 
Parameter  (Smith) 

Exponent  (Ellingson) 

Parameter  (Zachor) 

Spectral  parameter  (LOWTRAN/ 

Expansion  coefficient  (Smith) 

Expansion  coefficient  (Smith) 

Expansion  coefficient  (Smith) 

Expansion  coefficient  (Smith) 

Coefficient  (Ellingson) 

Coefficient  (Ellingson) 

Spectral  coefficient  (Aggregate) 

Spectral  coefficient  (Aggregate) 

Spectral  coefficient  (Aggregate) 

Spectral  coefficient  (Aggregate) 
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7 
4 

8 
8 
8 
4 
4 
4 
7 

10 

7 


10 

3 

8 

7 

8 

7 

8 
8 
8 
8 
7 
7 
7 
7 
7 
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Section 

c Variable  (Drayson  (=dw/dP)  6 

c Fractional  concentration  of  gases  7 

c Rotational  constant  4 

c Velocity  of  light  (2.J9793  x lO1^  cm-sec  *) 

c(X)  Spectral  parameter  (Aggregate)  7 

cy  Parameter  (Smith)  3 

Least  squares  parameter  (Zachor)  8 

Cg  Least  squares  parameter  (Zachor)  8 

D Number  density 

D Step  size  (Kyle)  6 

Dj  Particle  density  in  i-th  layer  (Aggregate)  7 

Dy  Rotational  energy  level  parameter  4 

d Rotational  constant  4 

d Lorentz  line  modification  constant  4 

d Line  spacing  (cm  *’> 

dy  Parameter  (Smith)  8 

E"  Energy  of  lower  state  7 

EH  Irradiance  (solar,  attenuated) 

E.j(Tq)  Average  ground  state  energy  (Daniels)  7 

Ek(x)  Exponential  integral  (Drayson)  6 

E+  Diffuse  irradiance  in  upward  direction  (Turrjer)  3 

E_  Diffuse  irradiance  in  downward  direction  (Turaer)  3 

E_  Total  downward  irradiance  (Turner)  3 

E . Rotational  energy  level  4 

En  Extra-terrestrial  solar  irradiance 

u -2-1 
E.  Spectral  irradiance  (watt-cm  -n m ) 

E^  Spectral  irradiance  [watt-cm""1 -(cm1)-1') 

e Rotational  constant  4 

F Fourier  transform  nf  slit  function  (Kunde  and  Maguire) 

[=  f(|vi  - u*  I,  a)]  6 

f Rotational  constant  4 


• vvuuua*  a viiv vVuttVv  lUUUUVU  - r } r\  i 7T\ • , 

L(x,  y,  o,  - n\ 

Gy  Vibrational  energy  level  4 

Gynp  Energy  level,  vibrational  (unperturbed)  4 

g Acceleration  of  gravity 
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Section 


Subscript  for  ground  level  (Orayson) 

Average  value  cosine  of  the  scattering  angle  6 
Coefficient  in  energy  level  calculation 
Polynomial  coefficient  (Ellingson) 

Operator 

Scale  height  (=  In  P) 

Line- widtn  factor  (Ellingson) 

Line -shape  function  (Kunde  and  Maguire) 

Rotational  energy  level  parameter 
Distance  (vertical)  (cm,  km) 

j n 

Planck's  constant  (6.62S2  x 10  watt  sec  ) 

Half  width  ratio  (E’lingson)  [ = 2 (ot^/a^)] 

Absorption-coefficient  distribution  function  (Arking-Grossman) 
Unit  Operator 

Line -shape  function  (Ellingson) 

Specific  intensity  of  reflected  radiation  (Invariant  Bedding) 

Bessel  Function 

Bessel  Function 

Index 

Fxponent 

Rotational  quantum  number 
Source  function 
Lower  vibrational  state 


Eddington  field 

H„0  continuum  broadening  absorption  coefficient 
Weak-line  parameter  (Zachor)  (=  S/d) 

Spectral  coefficient  (Aggregate) 

Spectral  coefficient  for  foreign  broadening  (Aggregate) 
Coefficient  (Scott) 

Spectral  coefficient  for  self-broadening  (Aggregate) 
Spectral  coefficient  (Aggregate)  (=  S/d) 

Spectra]  coefficient  (Aggregate)  [=  (2i?orL0)/dJ 

Spectral  coefficient  (Aggregate)  [=  S/(2ffaLg)] 

-23  -1 

Boltzmann's  constant  (1.38C  «2  x 10  erg-K  ) 

Foreign  broadening  HgO  continuum  coefficient  (Ellingson) 
Self -broadening  I^O  continuum  coefficient  (Ellingson) 
Index 
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Sectio 


k(A) 

-2  -1 

Extinction  coefficient  (mass)  (gra-cro  ) 

k(A) 

Index  of  refraction  (imaginary  part) 

k'(A) 

Extinction  coefficient  (volume)  (cm  J) 

kj(A) 

Spectral  coefficient  for  HgO  continuum  (Kunde  and  Maguire) 

6 

*2<X) 

Spectral  coefficient  for  HgO  continuum)  (Kunde  and  Maguire) 

6 

ka(A) 

Absorption  coefficient  (mass)(=  k in  pure  absorption) 

ka(x) 

Absorption  coefficient  (volume) 

k;(A) 

Scattering  coefficient  (volume) 

k0(X) 

l/ 2 

Doppler  line-broadening  factor  (=  (S/a^)  (f  n 2/n)  ) 

L 

Path  length  (cm) 

Le 

& ,iivalent  path  length  (cm) 

5 

L(V) 

tdenburg-Relche  function 

lb 

ndiance  (beam) 

2 

Ln 

' tadiance  (diffuse) 

2 

ldn 

Radiance  (downwelling) 

2 

lg 

Radiance  (surface,  or  ground)  (=  + Lr,,.) 

VjrJbi  UIi  ub 

2 

lge 

Radiance  (surface,  emitted) 

2 

lgs 

Radiance  (surface,  diffusely-scattered) 

2 

lgh 

Radiance  (surface,  solar-reflected) 

2 

hi 

Radiance  (solar) 

2 

lhss 

Radiance  (eolar,  singly-scattered) 

2 

LI 

Radiance  (intrinsic) 

2 

Lp 

Radiance  (path)  {=  + LpE  + LpMg) 

2 

lpe 

Radiance  (path,  emitted) 

2 

lfms 

Radiance  (path,  multiply-scattered) 

2 

LPSS 

Radiance  (path,  singly-scattered) 

2 

Ls 

Sky  radiance 

3 

lt 

Total  radiance  for  downward  looking  observer  (Turner) 

3 

LUP 

Radiance  (vpweliing) 

2 

L+ 

Radiance  in  upward  direction  (Schuster-Schwarzschild) 

3 

L_ 

Radiance  ir,  downward  direction  (Schuster-Schwarzschild) 

3 

LX 

m O ^ 1 m 1 

Spectral  radiance  (wa>:t-cm  -ster  -/rra  ) 

L 

V 

-2  -1  .1 

Spectral  radiance  (watt-cm  -ster  - [cm  ] ) 

L* 

V 

Ranck  function  (=  2c2hv3(ehcy/kT  - if1) 

K 

Ranck  function  < 2c2hA_5(ehc/xkT  - l)"1) 

s 

Fourier  transform  of  radiance 
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Section 

Average  radiance  over  space  (Ellingson)  3 

Angular  momentum  quantum  number  4 

Number  of  lines  in  integration  interval  (Scott)  6 

Path  length  (cm) 

Index 

Index  (Daniels)  7 

Ratio  of  half -width  to  mesh  sice  (Scott)  6 

Transition  rate  (Zachor)  g 

_o 

Radiant  exitance  (watt-cm  ) 

Kernel  (maximum  value)  3 

Molecular  weight  (gm-mole  ) 
mixing  ratio 

Pressure  ratio  (Aggregate)  7 

Ratio  of  partial  pres  ure  of  absorber  to  total  pressure  (Aggregate)? 
Moment  3 

Moment 

Radiant  Exitance  (caused  by  reflection)  2 

O 

Radiant  Exitance  (Hanckia-)  (=  xL*)  (w/cm  ) 

Exponent 

Index 

Number  of  lines  (Kunde  and  Maguire)  6 

P,  Q or  R branch  index  4 

Index  of  refraction  (complex) 

Mass  density  ratio  (LOWTRAN)  7 

Effective  slant  path  (LOWTRAN)  7 

Exponent  (Smith)  8 

Numbei  of  atmospheric  layers  (Drayson)  6 

Number  (cf  lines  in  a spectral  interval)  5 

Number  of  integration  points  (Scott)  6 

Particle  pize  distribution 

Number  of  lines  (Smith)  8 

Exponent 


Parameter  (Zachor) 

Number  of  representation  points  (Scott) 
Index  of  refraction  (real  part) 

Number  of  lines  (Quasi-Random) 

Pressure  (atmospheres,  mm  Hg,  mbar,  etc.) 


501 


FORMERLY  WILLOW  FUN  LABORATORIES,  THE  UNIVERSITY  OF  MICHIGAH 


tM 


P 

P 

P 

P{S) 

Pe 

PN 

PM 

TY* 


p T 

p’ 

f?(a,  x) 
P 
P 
Q 

^ext 

«s 

q 


‘‘li 

q12 

q22 

R 

R 

V 

r 

r 

r 

r 

r 

r 


Section 

7 

7 

5 

5 


Curtis- Godson  equivalent  broadening  pressure  (Aggregate) 

Mean  pressure  (Ellingson) 

Curtis-Ciodson  equivalent  pressure 
Probability  distribution  function  (line  strength) 

Effeciive  (equivalent)  broadening  pressure 
Legendre  polynomial 
Polynomial  (Drayson) 

Effective  pressure  for  foreign  gas  broadening  (N2  continuum) 
(Aggregate) 

Effective  pressure  for  self -broadening  (N2  continuum)  (Aggregate)  7 
Legendre  polynomial 

Associated  Legendre  polynomial 

Aveiage  pressure  (Aggregate)  [=  (Pg/wfcj)  [ = (PQ/w)w2)  7 

Incomplete  gamma  function 

Partial  pressure  of  absorbing  gas 

Phase  function,  single-scattering 

Intrinsic  emission 


Extinction  efficiency  factor 
Scattering  efficiency  factor 
Intrinsic  emission 


7 

7 


;s)^=  J -k’(?-)dz^ 


Optical  path  (depth,  thickness) 

Least  squares  parameter  (Zachor) 

Least  squares  parameter  (Zachor) 

Least  squares  parameter  (Zachor) 

Distance  (total  path)  (cm) 

Residual  term  (Smith) 

Earth  radius 
Index 

Number  of  atmospheric  layers  (Scott) 

Radius  vector 
Particle  radius 

Diffusivity  factor  (Elsasser)  (=  1.667) 

Mode  radius  of  distribution  function 

Line  strength  (gm'^-cm)  [cm  * (atm-cm)  *]  [cm  (mol  cm  ^)  *] 
Line  strength  per  unit  pressure 
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Section 


W1 


Wj^CGI 


Line  strength  under  standard  conditions 

Parameter,  exponential  tailed  S*1  random  model  5 

Average  line  strength  (Daniels)  7 

Distance  (slant,  variable) 

Parameter,  Dsasser  Model  (=  2irv/d) 

Temperature  (Kelvins) 

Standard  temperature  (usually  - 273.16  K) 

Ground  temperature  6 

Average  temperature  5 

Temperature  for  homogeneous  path  (Aggregate)  7 

Temperature  at  which  band  model  parameters  are  defined 
Variable  5 

Tangent  vector 

Doppler-Lorentz  (Voigt)  line  broadening  factor  l"=  (a  /a  ) (f  n 2)*/| 

L L D J 

Visibility  (Koschmieder)  10 

Vibrational  qu.v.tum  number  4 

Equivalent  wiUi.i 

Equivalent  width  per  unit  pressure 

Variable  (Smith)  g 

Weights  for  integration  (Scott)  6 

Curtis-Godson  effective  absorber  amount  (Daniels)  7 

Weights  (Gaussian  Quadrature)  6 

Absorber  amount 

Adjusted  absorber  amount  (Aggregate)  7 

Adjusted  absorber  amount  (Aggregate)  7 

Absorber  amount  per  km  (LOWTRAN)  7 

Equivalent  amount  of  absorber  (Aggregate)  7 

Equivalent  amount  of  absorber  (LOWTRAN)  7 

Effective  absorber  amount,  foreign  bioadening  N„  continuum  7 

(Aggregate)  2 

Christoffel  Numbers 

Equivalent  absorber  amount  (Aggregate)  7 

Weights  for  integration  (Scott)  6 

Equivalent  absorber  amount  (Aggregate)  7 

Scaled  absorber  amount  5 

Variable  (Smith)  {=  t n [w(273  K/TJ}  8 

Variable  (general) 
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a^CG) 


Section 

Variable  (Quasi-Random)  (=  In  P)  7 

Variable  (Gibson-Piarluissi)  8 

Thickness  of  slab  3 

Particle  size  parameter  (-  2irr/A)  10 

Distance  (horizontal)  (cm,  km) 

Coefficient  in  energy  level  calculation  4 

Abscissae  (Gaussian  quadrature)  6 

Parameter  (Elsasser)  (=  /hf'/sinh  0)  5 

Variable  (Smith)  [f  n (P/103  mb)]  8 

Distance  (horizontal)  (cm,  km) 

Variable  (Quasi-Random)  (=  f n w)  7 

Variable  (Gibson-Pierluissi)  8 

Doppler  line  broadening  variable  £=  (i/  - / ck d)( f n 4 

Variable  (Quasi-Random  [=  )/.  - = (1/26)]  7 

Coefficient  in  energy  level  calculation  4 

Vertical  distance 

Variable  (Smith)  ((  n (T/273  K) ] 8 

Gaussian  nodes  (Ellingson)  1 

Variable  (Gibson-Pierluissi)  8 

Distance  (vertical)  (cm,  km)  2 

Variable  (Quasi-Random)  (=  ./  - - 1/26)  7 

Gaussian  ncles  (Ellingson)  7 

Top  of  the  atmosphere  (Ellingson)  7 

Angle  Appendix 

Doppler  line  half  width  (cm  *) 

Pseudo  Doppler  half-width  (Daniels)  7 

Effective  half  width  5 

Curtis-Godson  half  width  (Daniels)  7 

Lorentz  line  half  width  (cm  *) 

Lorentz  half  width  under  standard  conditions 

Lorentz  half-width  at  standard  pressure,  per  unit  pressure 

“lo^o* 

Characteristic  Lorentz  half  width  (Arking&Grossman)  (=  at^/d)  6 
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Section 


Matrix  element 

Band-model  parameter  (=  2na.  /d) 

Band-model  parameter  (=  2-na^/d) 

Variable  (Smith)  . 

Band-model  parameter  (Quasi-Random)  •=  2a  ^(!n  2)^'^//5j 

Matrix  element 

Band-model  parameter  (=  Sw/2raT ) 

Li 

Delta  function 
Exponent 

Distance  from  line  center  (Kunde  and  Maguire) 

Subinterval  (Quasi -Random) 

Shifted  interval  (^tasi -Random) 


/(A,  s) 
y"(A,  s) 
X(T) 


Unshifted  interval  (Quasi-Random) 

Layer  thickness 

Displacement  fiom  Line  center  (Kyle) 

Emissivity 

Radiance,  path  rate  of  change 
Variable  (Quasi-Random)  (=  2z/6) 

Wing  contribution  calculation  (Quasi-Random) 
Emissivity  of  cloud  (Aggregate) 

Emissivity  of  source  (Aggregate) 

Radiation  scattered  into  forward  hemisphere  (Turner) 

Anisotropy  parameter 

Exponent 

Variable  (Quasi-Random)  (=  2y/A) 

nix 

Weighting  function  (Ellingson) 

Direction,  azimuth  angle 
Gamma  function 
Variable  (Zachor)  (=  Sw/d) 

Exponent 

Spontaneous-emission -coefficient 
Stimulated -emission -coefficient 
Weighting  function  (Ellingson) 

Parameter  (Smith) 
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Section 


Au(Zk) 


*4) 

4, 


Wavelength  (in  micrometers)  (=  1/e) 

Direction  (=  cos  6)  2 

Frequency  (wavenumber)  (reciprocal  centimeters)  (=  1/X) 

Center  of  *i»al  interval  (Quasi-Random)  7 

Center  of  starting  interval  (Quasi-Random)  7 

Center  frequency  (cm  *)  4 

Center  of  the  slit  width  6 

Representation  step  (Scott)  6 

Solid  angle  (steradians) 

Coefficient  in  energy  level  calculation 
Single  scattering  albedo 

Surface  albedo  2 

Target  reflectance 

3 

Density  (mass)  (gms/cm  ) 4 

Variable  (Quasi-Random)  (=  20^/5)  7 

Background  albedo  3 

Absorption  cross  section 

Scattering  cross  section 

Total  extinction  cross  section 

Transmittance 

Average  transmittance 

Fourier  transform  of  transmittance  function  (Kunde  and  Maguire)  6 
Approximation  to  actual  transmittance 

Transmittance  with  scattering  (Aggregate)  7 

Strong-line  transmittance  (Zachor)  8 

Continuum  Transmittance  (Ellingson)  7 

AnS'e  Appen 

Zenitn  angle 

Angie-  of  scattering  10 

Direction,  elevation  angle  2 

Theta  function  (Kyle)  g 

Variable  (Smith)  8 

Lcrentz  line  parameter  (Quasi -Random)  (=  S,w/rarT  ) 7 

" l/2l 

= (S  w/aD)(f  n 2/it)  7 
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